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METHOD FOR THE DETERMINATION OF THE NOISE FROM 
TURBOJET AIRCRAFT ON TAKE-OFF TRAJECTORIES* 

Michel Kobrynski** 

ABSTRACT 

The approximate determination of the maximum 
sound pressure of turbojet aircraft on the ground 
or in subsonic flight may be carried out from the 
laws of jet noise emissions using the generalized 
spectrum of the sound pressure and the directivity 
of the acoustic rays. 

The first method is applicable when the jet Mach 
number is smaller than 2 (with respect to the velo- 
city of sound in the atmosphere) and takes into 
account the theoretical variation of the acoustic 
power which is proportional to V 2 ,  where V. is the 
jet velocity. If the jet is in motion, as is the 
case in flight, the basic parameter is the difference 
Vj - Ve of the jet and aircraft velocities. 

j J 

In the second method, the vortex convection 
Mach number Mc and also, under some circumstances, 
the Mach number of the aircraft M appear in the 
correction factor 

where the exponent rl and the emission angle of 
the maximum acoustic radiation are both functions of 
MC* 

* Technical Note No. 81 (1965). 

** Office National D'6tudes et de Recherches A6rospatiales (National 
Office of Aerospace Research), 29,  Avenue de la Division Leclerc, 
Chatillon-Sous-Bagneux (Seine), France. 
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This method i s  appl icable  f o r  t h e  p red ic t ion  
of t he  n o i s e  of f u t u r e  a i rp l anes  such as t h e  Concorde. 
The Concorde t u r b o j e t s  w i l l  have a j e t  Mach number on 
t h e  order of 2.5 wi th  respec t  t o  t h e  speed of sound 
i n  t h e  atmosphere. 

/9* 1. INTRODUCTION 

By determining t h e  no i se  produced by t h e  take-off of a i r c r a f t  
beforehand, i t  w i l l  be poss ib l e  t o  def ine  take-off conditions under 
which t h e  sound environment f o r  people adjacent t o  a i r p o r t s  i s  r e l a t i v e l y  
acceptable.  

This study, which is  already indispensable f o r  present-day j e t  
a i r c r a f t ,  has acquired an increased importance due t o  t h e  imminent 
appearance of supersonic commercial t r anspor t s .  

These a i rp l anes  w i l l  be  equipped wi th  very powerful t u r b o j e t s  
and w i l l  cause an increase  i n  the  noise generated by t h e  jets.  

Even though t h e  problem of determining the  no i se  of f u t u r e  air- 
c r a f t  has  been t h e  t o p i c  of i nves t iga t ion  of researchers  i n  d i f f e r e n t  
c o u n t r i e s ,  only a few pub l i ca t ions  on t h e  sub jec t  have appeared. 
(Ref. 1 )  ca r r i ed  out an important experimental study of je t  n o i s e  f o r  
s t a t i o n a r y  jets and f o r  t h e  a i rp l ane  Avon-Canberra i n  f l i g h t .  
s u l t e d  i n  curves showing the  v a r i a t i o n  of t h e  maximum sonic  p re s su re  
and t h e  acous t i c  spectrum (by 1 / 3  of an octave) as a func t ion  of t h e  
parameters of t h e  j e t  f o r  each case. 

Coles 

This re- 

The ob jec t  of t h i s  paper i s  t o  determine t h e  l a w s  which govern 
t h e  emission of sound of s t a t i o n a r y  and moving jets,  t o  e s t a b l i s h  re- 
l a t i o n s h i p s  among them, and t o  propose a genera l  method of ca l cu la t ion .  
The la t ter  i s  t o  be v a l i d  f o r  standing a i r c r a f t  as w e l l  as f o r  a i r c r a f t  
during t a x i i n g  and subsonic f l i g h t .  

1.1 General Conditions 

An a i r c r a f t  f l y i n g  over an observation po in t  on t h e  ground pro- 
duces a son ic  i n t e n s i t y  a t  t h i s  point which v a r i e s  as a func t ion  of 
t i m e .  The ana lys i s  of t h e  phys ica l  phenomenon observed i n  t h e  case  

* Numbers given i n  the  margin i n d i c a t e  paginat ion i n  the  o r i g i n a l  
fo re ign  t e x t .  

2 



Figure 1 

Ai rc ra f t  Mirage I V .  

Al t i tude :  190 m; A i rc ra f t  speed: 155 m / s ;  Speed of t he  
j e t :  540 m / s .  

(1) Di rec t ion  of f l i g h t ;  (2)  Frequencies 20-10,OOO 
cycles;  (3)  Cycles 

Sound Levels as a Function of T ime .  

of a j e t  a i r c r a f t  i s  shown i n  Figure 1: These recordings show t h e  
v a r i a t i o n  of t h e  t o t a l  sonic  l e v e l  and of t he  l e v e l  by octaves of 
frequency as a func t ion  of t i m e ,  which is shown along the  absc issa .  
The t i m e  0, shown by a " t i ck"  corresponds t o  the  t i m e  a t  which t h e  
a i r c r a f t  i n t e r s e c t s t h e v e r t i c a l  a t  the po in t  of measurement. 

The angles a t  which t h e  sonic  waves a r e  emitted i n d i c a t e  t h e  
c h a r a c t e r i s t i c  d i r e c t i o n  of t he  noise;  t h i s  i s  why t h e  maximum i s  not  
observed when t h e  aircraft  i s  v e r t i c a l l y  overhead, t h a t  is t o  say,  
when t h e  d i s t ance  of t he  a i rp l ane  t o  t h e  poin t  of observat ion i s  mini- 
mum and when one takes  i n t o  account t h e  time requi red  f o r  t he  son ic  
wave t o  reach t h i s  point .  

Pr imar i ly  t h e  m a x i m u m  values  of son ic  l e v e l s  are s i g n i f i c a n t ,  
because then t h e  e f f e c t  of t h e  noise  is more pronounced. 
t i o n  of a i r c r a f t  no i se  can thus be based on t h e  ca l cu la t ion  of the  
maximum sonic  l e v e l s .  

The predic-  

The d i r e c t i v i t y  of t h e  no i se  is a func t ion  of t h e  frequency band 
under considerat ion.  It i s  not poss ib le  t o  simultaneously r ece ive  a t  
one po in t  maximum sonic  l e v e l s  f o r  a l l  frequency octaves (note  t h a t  
i n  Figure 1 t h e r e  i s  a va r i ab le  displacement of t he  maximum with 

/10 

3 



Figure 2 

Take-off T ra j ec to r i e s  f o r  t h e  Concorde 

(1) Ascent a t  150 m/mn 

respect t o  t h e  o r i g i n ) .  The curve represent ing  t h e  t o t a l  son ic  l e v e l  
does have a maximum, but t h i s  information cannot be  used f o r  t h e  cal-  
c u l a t i o n  of t h e  normalized audib le  perception, i n  pndb. 

It has been genera l ly  accepted ( IS0  recommendation during t h e  
course of normalization) t h a t  t h e  maximum audib le  percept ion s h a l l  be 
represented  by t h e  number of PNdB ca lcu la ted  wi th  the  success ive  maxima 
w i t h i n  each frequency octave and not with simultaneous values. 

The method of c a l c u l a t i n g  t h e  noise  on t h e  ground should the re fo re  
make use of t h e  l a w s  governing sound emission of j e t s  on t h e  ground 
( s t a t i o n a r y  j e t s )  as w e l l  as those  i n  t h e  a i r ,  and a l s o  t h e  d i rec-  
t i o n a l  c h a r a c t e r i s t i c s  of t h i s  emission. I n  add i t ion ,  i t  should t ake  
i n t o  account t h e  r e l a t i v e  pos i t i ons  of t h e  sound sources and the ob- 
s e r v a t i o n  poin ts .  

Figure 2 shows t h e  c h a r a c t e r i s t i c  p o i n t s  of t h e  t r a j e c t o r y  of an 
a i r c r a f t  such as t h e  Concorde during a take-off: After t h e  brakes are 
r e l e a s e d ,  t h e r e  occurs a r o l l i n g  phase on t h e  ground, then a f i r s t  as- 
cen t  a t  f u l l  power which i s  followed by a second a scen t ,  which is 
somewhat less inc l ined  and occurs under reduced t h r u s t .  Then t h e  sound 
on t h e  ground diminishes. 

4 



Figure 3 

Outflow Geometry of a Jet 

B - Nozzle; i - P o t e n t i a l  outflow cone; 
M - Mixing zone; T - Trans i t ion  zone; 
E - Completely turbulen t  zone. 

It is des i red  t o  determine t h e  sound on t h e  ground below t h e  t r a c k  
of t h e  a i r c r a f t ,  as w e l l  as l a t e r a l l y ,  when t h e  a i r c r a f t  follows a 
t r a j e c t o r y  of t h i s  type. 

The experimental da t a  used i n  t h i s  paper formed t h e  conclusion of 
an e f f o r t  c a r r i e d  out  over several years. I n  order t o  be used, i t  w a s  
necessary t o  ca r ry  out an ex tens ive  ana lys i s  and numerous ca l cu la t ions .  
I n  t h i s  connection w e  would l i k e  t o  express our apprec i a t ion  f o r  t h e  
he lp  of L. Avezard and J. Couratin, both members of t h e  research  group. 

2.  ACOUSTIC FIELD OF STATIONARY JETS 

2.1. Def in i t i on  of Ve loc i t i e s  

The turbulence of 
number of t h e  outflow. 
s i d e r e d  t o  be subsonic 
sound wi th in  the  f l u i d  
i s  very  hot .  

a j e t  depends on t h e  mach number and t h e  Reynolds 

a n d i t s  ve loc i ty  remains below t h e  speed of 
of motion which, i n  t h e  case under cons idera t ion ,  

In t h e  aerodynamic sense,  t h e  j e t  is  still  con- 

The no i se  caused by t h e  j e t  turbulence is r ad ia t ed  i n t o  t h e  atmos- 
phere ,  which is cold and s t a t iona ry .  

L e t  us set:  Vj  t he  expansion v e l o c i t y  of t h e  j e t ,  ca t h e  speed 
of sound i n  the  ou t s ide  atmosphere. 

5 



Figure 4 

Turbojet Avon RA 29 R 
Range 8,000 revolutions/minutes; Frequency 
20 - 10,000 cycles; Curves of equal sonic 
level (effective values). 

We will set 
Pl, .v. c 

This latter definition of the jet' Kach number is used here. 
A hot jet, which would be called subsonic in the sense of the first 
paragraph, is already considered supersonic when V is still less 
than the speed of sound in the jet, but larger than Ca. 

j 

At each point of the jet, the particles have an instantaneous 
velocity which is random. The space-time correlation measurements 
carried out by Laurence (Ref. 2) for a jet having a Mach number 0 . 3  
and a Reynolds number of 6.105 showed that in the mixture zone (be- 
tween the edge of the jet and the cone of potential outflow [Figure 311, 
the effective value of velocity fluctuations reaches 0.14 Vj, and in 
this zone the average value velocity is on the order of 0.5 Vj. 

The convective Mach number of the vortices is 

V M, = 0,s 2 c 

for a stationary jet. 

2 . 2 .  Structure of the Acoustic Field 

A jet exhausting into the atmosphere causes intense turbulence 

6 



Figure 5 

Avon RA 29 R 

Frequency 20 - 75 cycles .  
(1) j e t  a x i s  

i n  t h e  shear  l a y e r  with t h e  ambiant a i r .  This tu rbulence  d i s s i p a t e s  
a s m a l l  f r a c t i o n  of t h e  k i n e t i c  energy of t h e  j e t  i n  t h e  form of 
n o i s e  and it  is  s u f f i c i e n t l y  l a r g e  for  t h e  no i se  t o  become extremely 
in t ense .  

Figure 3 shows t h e  mixture  zone between t h e  cone of p o t e n t i a l  
outflow and t h e  atmosphere. The amount of turbulence which develops 
inc reases  l i n e a r l y  wi th  t h e  d is tance  x t o  t h e  apex of t h e  cone wi th in  
t h i s  zone. I n  t h i s  zone, t h e  vo r t i ce s  are c a r r i e d  along a t  t h e  con- 
vec t ion  speed McCa = 0.5 Vj.  

5 diameters D of t h e  nozzle,  t h e  turbulence ceases t o  inc rease  and 
Outside of t h i s  mixture zone, which extends t o  a length  of 4 t o  

i ts  v e l o c i t y  decreases as  -, 4 f o r  > 8. 
X d 

Dimensional cons idera t ions  (Ref. 3) allow one t o  a t t r i b u t e  
about one-half t h e  acous t i c  power generated by t h e  j e t  t o  t h e  mixture  
zone. 
j e t  remains cons tan t  (x law). 

I n  add i t ion ,  t h e  acous t i c  power emitted by each r i n g  of t h e  

The d i f f e r e n t  p a r t s  of t h e  jet  e m i t  sound i n  d i f f e r e n t  frequency 
bands. The c h a r a c t e r i s t i c  frequency i s  p ropor t iona l  t o  V./x. Near 
t h e  o r i f i c e , t h e  emi t t ing  r i n g s  cause a spectrum which is  predominantly 
s h r i l l .  The low frequencies appear much more downstream. 

J 

The d i s t r i b u t i o n  of t h e  acoustic energy i n  t h e  atmosphere, 

7 



X '  ,I 

Figure 6 

Avon RA 29 R 

Frequency 4800 - 10,000 cycles  

(1) j e t  a x i s  

S ta t ionary  Jets, Acoustic 
Power as a Function of t h e  

L i g h t h i l l  Parameter 

A Turbojet  Avon RA 2 1  R 
0 Turbojet  Avon RA 29 MK 522 
0 Turbojet  ATAR 9 K5 
x Turbojet  Marbor6 I1 

according t o  t h e  theory of L i g h t h i l l  (Ref. 3 ) ,  fol lows t h e  emission of 
a c o u s t i c a l  quadruplets  equivalent  t o  t h e  j e t .  A quadruplet  (source of 
o rde r  2) c o n s i s t s  of t h e  assoc ia t ion  of fou r  zero order  sources  which, 
a s soc ia t ed  i n  p a i r s ,  form two dipoles  having opposing phase. The 
a c o u s t i c  f i e l d  of t h e  quadruplet  i s  charac te r ized  by 4 lobes separa ted  
by 2 nodal  l i n e s  which i n t e r s e c t  a t  a r i g h t  angle  and are o r i en ted  a t  
45" wi th  r e spec t  t o  t h e  axis of t h e  j e t .  
d i r e c t i o n  of m a x i m u m  pe r tu rba t ions  due t o  f l u c t u a t i o n s  of t h e  shear  
l a y e r  between t h e  f l u i d  i n  motion and t h e  atmosphere. 

Thus, they occur along t h e  

The s t r u c t u r e  of t h e  acous t i c  f i e l d  of t h e  j e t  i s  shown i n  Figures  
4 
through t h e  axis of t he  jet .  
aud ib le  frequency i n t e r v a l s  from 20 t o  10,000 cycles .  
ponds t o  low frequencies ,  and Figure 6 t o  s h r i l l  f requencies .  

t o  6. W e  show curves of equal  acous t ic  pressure  i n  a p lane  passing 
Figure 4 shows i s o b a r i c  curves f o r  a l l  

Figure 5 corres-  

The o r i e n t a t i o n  of t h e  i soba r  system al lows one t o  l o c a t e  t h e  
apparent  pos i t i ons  of emi t t ing  sources d i s t r i b u t e d  over t h e  body and 
the outflow. 
of t h e  acous t i c  f i e l d .  

It a l s o  gives  an  account of t h e  c h a r a c t e r i s t i c  d i r e c t i o n s  
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It can be seen t h a t  t h e  sources  corresponding t o  low frequencies  
On t h e  o the r  hand, are loca ted  very f a r  downstream from the  outflow. 

the  o r i g i n  of t h e  high frequencies  is  very c lose  t o  t h e  nozzle .  
a l l  cases, t h e  d i r e c t i o n  of m a x i m u m  acous t ic  r a d i a t i o n  i s  obl ique 
with r e spec t  t o  t h e  axis of t he  j e t ,  as the  theory of quadruplets  
i nd ica t e s .  

I n  

The acous t i c  r a d i a t i o n  of t h e  quadruplets must b e  symmetric, not  
only wi th  respec t  t o  t h e  j e t  a x i s ,  but a l s o  wi th  r e spec t  t o  a plane 
normal t o  t h i s  axis. In o ther  words, it must be poss ib l e  t o  observe 
t h e  s a m e  lobes  along t h e  downstream and upstream d i r e c t i o n s .  
of t he  experimental  i soba r s  does n o t  confirm t h i s .  

The form 

L i g h t h i l l  (Ref. 4 )  a t t r i b u t e s  the absence of t h e  rear lobes 
(secondary lobes)  t o  convection e f f e c t s  of t h e  quadruple ts ,  i n  a high 
v e l o c i t y  j e t  with average l o c a l  speed McCa: The quadruplets ,  which 
have become mobile, are deformed i n  such a way t h a t  t h e  obl ique lobes 
are extended along t h e  d i r e c t i o n  of displacement of t h e  j e t  and are 
shortened i n  t h e  opposi te  d i r ec t ion .  This terminates  t h e  quasi-dis- 
appearance of t h e  secondary lobes.  

This important e f f e c t  and its consequences have been taken i n t o  
account i n  t h i s  paper (see Chapter 4 ) ,  but  i t  is necessary t o  f i r s t  
s tudy t h e  j e t  no i se  wi th  the  hypothesis of l lsol idl l  quadruplets  (jets 
which have an average v e l o c i t y  t h a t  is not  too  high) ,  f i r s t  neglec t ing  
t h i s  convection e f f e c t .  It w i l l  b e  introduced later.  

3. CALCULATION OF MAXIMUM ACOUSTIC PRESSURE - / 13 
LEVEL OF JETS, INDEPENDENT OF THE EFFECT 
OF THE CONVECTION VELOCITY OF VORTICES 

3.1. Sta t ionary  Jets 

The ca l cu la t ion  of maximum acous t ic  pressure  Ns in t roduces t h e  
a c o u s t i c  power of t h e  j e t ,  t h e  general ized spectrum of t h e  acous t i c  
power and t h e  ind ices  of maximum d i r e c t i v i t y  of acous t i c  pressure  
levels. 

3.1.1. Acoustic Power of Jets 

3.1.1.1. Law of L i g h t h i l l  

The c a l c u l a t i o n  of t h e  acous t i c  power emit ted by 
a subsonic  (with respec t  t o  Ca) s t a t iona ry  j e t  can be c a r r i e d  out  by 

9 



means of a dimensional ana lys i s  of sound having aerodynamic o r i g i n  
coupled with experimental  research. 

L i g h t h i l l  (Ref. 3) studied the  laws of acous t i c  emission of a 
turbulen t  outflow of s m a l l  Mach number. H e  showed t h a t  a vortex ele- 
ment vt causes an acous t ic  power proport ional  per  u n i t  of volume of 
turbulence equal  t o  

- 
1 is  a c h a r a c t e r i s t i c  frequency of tu rbulen t  f l uc tua t ions .  T2 

is the  mean squared value of t he  i n t e n s i t y  of the  quadruplet  T i j .  The 
tensor  T i j  i s  approximately given by 

T$ rV.4 I,, J:4 ,L ,3  

Vi i s  a c h a r a c t e r i s t i c  ve loc i ty  of t h e  vor tex  depending on xi. 

I n  t h e  mixture zone of t he  je t  (Figure 3) with the  c h a r a c t e r i s t i c  
v e l o c i t y  V,  i t  i s  assumed t h a t  t he  term p a V i V j  has  t h e  dimension paV2. 

- 
L e t  us w r i t e  T2 i n  dimensional form and l e t  us consider  t he  volume 

The acous t ic  power V i  w i th in  which t h e  turbulen t  e f f e c t s  are produced. 
w i l l  then be propor t iona l  t o  

L i s  a c h a r a c t e r i s t i c  length of t he  turbulen t  zone. 

For the  e n t i r e  j e t  w e  may introduce the  s i m i l a r i t y  l a w s  vt % L3 
L2 Q S, where S i s  the  e j e c t i o n  a rea  of t h e  gases ,  and p Q V/L. 

Using these  r e l a t ionsh ips ,  t h e  acous t ic  power of t he  j e t  Ws is  
prop or  t i o n a l  t o  

L e t  us introduce t h e  coe f f i c i en t  of p ropor t iona l i t y  K. As t he  
c h a r a c t e r i s t i c  ve loc i ty  f o r  V, w e  introduce the  expansion ve loc i ty  of 
t h e  j e t  V W e  have 

j *  ws= K- W4z 
c: 
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The c o e f f i c i e n t  K varies as a funct ion of t h e  turbulence of t h e  
j e t  between 3.10-5 and 1.10'4. The first value i s  usua l ly  assumed. 

When t h e  j e t  is  warm,  equat ion (1) becomes 

where t h e  volume dens i ty  of t h e  gases i s  p j .  

I n  any case, f o r  t u r b o j e t s  which opera te  without reheat ing of 
t h e  gases ,  t h e  acous t i c  power emitted can be determined by t h e  s impler  
formula (l), and which i s  used i n  t h i s  paper. 

The acous t i c  power is  usua l ly  expressed by means of an acous t i c  
source on t h e  logari thmic scale. 
given by 

The acous t i c  power level Nw is then 

Wo is  t h e  re ference  power w a t t s  (*I. 

The acous t i c  power level of the jets i s  given by: - / 15 

where K = 3.10-' 

The q u a n t i t i e s  are expressed i n  M.K.S. u n i t s .  

(*) Anglo-saxon papers o f t en  use Wo = 

they express  acous t i c  i n t e n s i t i e s  i n  W/sq f t  and not  i n  W/m2, and 
because 1 m2 2 10 sq  f t .  

w a t t s  due t o  t h e  f a c t  t h a t  
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This r e l a t i o n  w i l l  be adopted f o r  a i r c r a f t  i n  f l i g h t .  I n  t h e  
s t a t i o n a r y  case, t h e  e f f e c t  of grouping causes an increase  i n  tpe 
a c o u s t i c  power level,  which i s  experimentally given by 10  log  n*. 
When the  grouping of t h e  t u r b o j e t s  is  "locked", t h e  t o t a l  acous t i c  
power seems t o  increase  leas rapidly than would b e  expected from t h e  
terms 10  log  n o r  10 log  n*. 

3.1.1.2. Experimental Ver i f i ca t ion  

We measured the  d i s t r i b u t i o n  of t h e  acous t i c  pres- 
s u r e  levels around t h e  following turboje t s :  ROLLS-ROYCE RA 29 MK 522, 
RA 21 R, MARBORE 11, and ATAR 9 K 5. 
f l u x  type and t h e i r  t a i l  p ipes  are not  equipped wi th  j e t  s i l ence r s .  
The condi t ions encountered do lend themselves t o  an experimental  veri- 
f i c a t i o n  of t h e  L i g h t h i l l  formula. 

These t u r b o j e t s  are of t he  d i r e c t  

For each ope ra t iona l  regime, t he  acous t i c  power caused by t h e  j e t  
w a s  ca lcu la ted  by i n t e g r a t i n g  over a hemisphere having a l a r g e  r ad ius  
and which surrounds the  j e t .  The condi t ions of t h e  acous t i c  f a r  f i e l d  
were used. 

Figure 7 shows t h e  r e s u l t s  obtained as a func t ion  of t h e  parameter 

Pa 3 , i n  logari thmic coordinates .  
a 

I n  t h i s  r ep resen ta t ion ,  the average v a r i a t i o n  of t h e  acous t i c  

According t o  equat ion ( l ) ,  the c o e f f i c i e n t  K equals  3.10-5. 
power has  the  s lope  1, which v e r i f i e s  t h e  f a c t  t h a t  t h e  V 8  
f i e d .  

i s  satis- j 

3.1.1.3. Acoustic Power of Jets i n  Groups 

Commercial j e t  a i r c r a f t s  are always propel led by 
jets i n  groups. 
acous t i c  power level emit ted by n i d e n t i c a l  t u r b o j e t s  funct ioning i n  
the same regime. 

It is  the re fo re  necessary t o  determine t h e  t o t a l  

Assuming t h a t  t he re  i s  no t  s i g n i f i c a n t  i n t e r f e rence  between t h e  
acous t i c  f i e l d s  of t h e  adjacent  jets,  t h e  t o t a l  acous t i c  power level  
i s  given by a simple l a w  of addi t ion  of t h e  e f f e c t s  of each one, i .e.,  

(5) 
N,.N,+ 4 O l a j s r  dap 
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3.1.2. Spectrum of the Acoustic Power of Jets 

3.1.2.1. - Definition of the Generalized Spectrum 

Experience shows that the acoustic power of jets is 
proportional to SV 8, according to the theory of Lighthill. In spite 
of this agreement, it is remarkable that no portion of the acoustic 
power spectrum obeys the law SV This can be shown by the examina- 
tion of the generalized spectrum of acoustic power. In effect, due 
to the large diversity in the dimensions of jets, and in the gas 
velocities encountered during the investigation, it is logical to look 
for a representation of the power spectrum as a function of quantities 
that have no dimensions (Ref. 4 ) .  

j 

j *  

Let $(f) be the acoustic power of the jet associated with each 
The total power will be the band one cycle wide at the frequency f: 

integral Ws = /LqLz $(f)df between the limits flfz, which, for example, 

can be the extremes of the audible range. 

The nondimensional ordinate chosen for representing the generalized 
spectrum is the logarithmic value 

and its abscissa is the Strouhal number 3. These quantities are inde- 
V i  

J 

pendent of the units chosen because V./D has the dimension of a fre- 
quency . 3 

3.1.2.2. Experimental Determination of the 
Generalized Spectrum 

In the case where measurements were analyzed by 
frequency bands, whose cutting-off frequencies were fi, fi + 1 and 
the bandwidth Afi = fi +1 - f,, the frequency f under consideration 

is the geometric mean f, = Jfi 9 fi+l. 

the frequency f = f, is given by 

The spectropower level for 

Nwc is the acoustic power in the band fi, fi+l (in the case of the 
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Figure 8 

S ta t iona ry  Jets, Generalized Spectrum of Acoustic Power 

A Turbojet Avon F U  21 R 
0 Turbojet ATAR 9 K5 

0 Turbojet Avon RA 29 MK 522 
x Turbojet Marbor6 I1 

(1) Strouhal number. 

The r e s u l t s  of ca l cu la t ions  ca r r i ed  out i n  t h i s  way f o r  a l a r g e  /17 
number of t u r b o j e t  acous t i c  power measurements are p l o t t e d  i n  
Figure 8 as a func t ion  of coordinates without dimension. 
allow one t o  cons t ruc t  an average curve corresponding t o  t h e  genera l ized  
spectrum which cha rac t e r i zes  s t a t i o n a r y  jets and which are subsonic 
wi th  r e spec t  t o  the  speed of sound i n  t h e  j e t  (see 2.1.) .  
mental  curve shows a rounded maximum f o r  a St rouhal  number i n  t h e  
v i c i n i t y  of 0.1. 
cal  one which decreases according t o  f-2 (Ref. 6 ) .  

These po in t s  

This experi- 

Above t h i s ,  t h e  curve tends t o  follow t h e  t h e o r e t i -  

3 . 1 . 2 . 3 .  Variation of t h e  Acoustic Power by 
Octaves as a Function of D and Vi 

4 

By assigning va r i ab le  values t o  D and V t h e  curve j ,  
r ep resen t ing  t h e  genera l ized  spectrum allows one t o  determine t h e  var ia -  
t i o n s  of t he  acous t i c  power spectrum as a func t ion  of t hese  v a r i a b l e s  
I f  t h i s  
g e n e r a l  use one f i n d s  t h a t  a t  t h e  l o w  frequencies t h e  

c a l c u l a t i o n  i s  c a r r i e d  out f o r  t he  e i g h t  frequency octaves i n  

varies as S '* 'Vj 6 .  A t  t h e  high frequencies,  i t  varies as S o  

1 4  



t h e  t o t a l  power varies according t o  SV (3.1.1.1.). 
j 

The acous t i c  power wi th in  each octave i i s  the re fo re  of t h e  form 
ScLV.Bi, and t h e  exponents are given i n  t h e  following t a b l e  and w e r e  
compiled according t o  our experience: 

J 

TABLE I 

EXPONENTS OF S AND V j  OBTAINED FROM 

THE GENERALIZED SPECTRUM WHEN THE 
TOTAL ACOUSTIC POWER IS  PROPORTIONAL 

TO SVjS 

8 

o t a l  

These r e s u l t s  confirm t h e  conclusions of an earlier s tudy (Ref. 7 ) .  - /18 
One e s t a b l i s h e s  a s a t i s f a c t o r y  agreement wi th  t h e o r e t i c a l  s t u d i e s  of 
Powell (Ref. 6). This au thor  analyzes t h e  form of t h e  acous t i c  spec- 
trum of jets and shows, using s i m i l a r i t y  condi t ions ,  t h a t  t h e  low f r e -  
quency spectrum (emitted by t h e  zone downstream from t h e  cone of con- 
s t a n t  ve loc i ty )  has  the  dependence S2 * 5Vj s f ? .  For the  high frequencies  
(emi t ted  by t h e  mixture  zone, near  t he  nozz le) ,  i t  varies according t o  
Foe  5V. 9f-2. 

J 

According t o  t h i s  theory,  t h e  form of t h e  acous t i c  power spectrum 
of t h e  jets w i l l  b e  t r i a n g u l a r  and symmetric ( i n  a logari thmic re resen- 
t a t i o n  as a func t ion  of frequency).  
r e spec t ive ly .  

! The s lopes  w i l l  be f 2  and f’ , 
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3.1.2.4. Calculation of t h e  Acoustic Power 
by Octaves of Frequency 

I f  t h e  q u a n t i t i e s  D and V .  of a j e t  are known, t h e  
J 

expressions 1 and 3 give  t h e  t o t a l  power l e v e l  Nw. 
i n  Figure 8 r e s u l t s  i n  an o rd ina te ,  k i ,  and which is  equal t o  expression 
(6) f o r  each frequency f .  According t o  (3) and (7), expression ( 6 )  i s  
equal t o  

The curve shown 

where 

k i ,  p o s i t i v e  o r  nega t ive ,  is the number of dec ibe l s  read along the 
ord ina te  of t h e  curve of Figure 8 f o r  t h e  absc i s sa  Dfc 

f c  

The values of P, and 10 log  Afi are shown i n  Table I1 f o r  t h e  e i g h t  

i s  t h e  c e n t r a l  frequency of t h e  band being analyzed. 

common frequency bands. 

TABLE I1 

MEAN GEOMETRIC FREQUENCY AND VALUE OF 
10 log  Afi FOR EACH OCTAVE /19 

d6 

11 

19 
22 
25 
2B 

31 
34 

33 
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3.1.3. Maximum Acoustic Pressure 

Our goal in the calculations is to find the maximum acoustic 
$ 

pressure, both the total one and by frequency octaves. 
acoustic power (total and by octaves) has been determined by the pre- 
ceding calculation, we will now calculate the average acoustic pressure 
level at a given distance, such as would be observed if the acoustic 
sources were omni-directional. Then we will treat the case where the 
index of directivity varies according to the angle of emission and 
modifies the distribution of this pressure in space. 
we seek the level corresponding to the angle of maximum emission. 

Since the 

In particular, 

3.1.3.1. Average Spatial Acoustic Pressure 

As a beginning, let us calculate the distribution of 
the acoustic powers, NW and Nwi, along a hemisphere of radius r, 
centered at the emitting source, assuming that this acoustic power is 
emitted by a zero order, omni-directional emitter (equivalent to a 
pulsating sphere). 

Under these conditions, the average acoustic intensity I& trans- 
mitted per unit of surface along the radial direction is equal to 

*le* 

N,,-"% += 

Io is the reference intensity equal to watts/m2. Thus 

or from (3) 
N-2 N,- 20% I - - ?  da  

N, is the acoustic pressure level with respect to the reference level of 
ZOuPa, and r is expressed in meters. 

The average pressure level by octaves Nm can be calculated like- i 
wise by replacing Nw by the value Nwi of the corresponding octave. 

However, this is only exact when the additional attenuation of the 
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Figure 9 

S ta t iona ry  Jets, D i r e c t i v i t y  Index. Frequency 20 - 10,000 Cycles. 

a - AVON RA 29 MK 522; b - ATAR 9 K5;  c - Marbore I1 

a c o u s t i c  waves a t  t h e  t i m e  of t h e i r  propagation i n  t h e  atmosphere 
(molecular a t t enua t ion )  remains neg l ig ib l e .  I n  p r a c t i c e ,  t h i s  la t ter  
e f f e c t  remains very s m a l l ,  even though it depends on wavelengths, f o r  
a l l  aud ib le  f requencies  and f o r  a d is tance  of 30 m ,  f o r  example. This 
d i s t a n c e  i s  s u f f i c i e n t l y  l a r g e  with r e spec t  t o  t h e  wavelengths involved. 
For r = 30 m ,  we have 

3.1.3.2. Direct ivi ty  Index 

It is  known (Ref .  3) t h a t  the acous t i c  f i e l d  of a 
j e t  can be  represented by t h e  f i e l d  of a system of acous t i c  quadruplets .  
These second order  emitters cause an an i so t rop ic  acous t i c  f i e l d .  It is  
t h e r e f o r e  necessary t o  apply cor rec t ions  t o  t h e  mean acous t i c  s p a t i a l  
level t o  take i n t o  account t h e  d i r e c t i o n a l  p r o p e r t i e s  of t h e  acous t i c  
r a d i a t i o n  of t h e  je t .  
v a l u e  of acous t i c  pressure ,  is  t h e  d i r e c t i v i t y  index, I. D.:  

This cor rec t ion ,  which l eads  one t o  t h e  m a x i m u m  

18 



ace). pal.& is  the  d i r e c t i v i t y  f a c t o r ,  

P ( 0 )  i s  t h e  acous t i c  pressure  i n  a d i r e c t i o n  corresponding t o  
the  angle  0 and a t  a given d i s t ance ,  

Pm i s  t h e  average p res su re  a t  t h e  same dis tance .  

The d i r e c t i v i t y  index i s  p o s i t i v e  o r  nega t ive  depending on whether 
t h e  acous t i c  pressure  f o r  a given angle 0 is  l a r g e r  o r  smaller than t h e  
average acous t i c  pressure  a t  t h e  same d i s t a n c e  ( t h e  angle 9 is  measured 
from t h e  axis of t h e  j e t ) .  

This index i s  given i n  dB by: 

o r ,  using our no ta t ion :  

N ( 9 )  is  t h e  acous t i c  pressure  l e v e l  assoc ia ted  wi th  t h e  azimuth 0 .  

Combining t h e  r e l a t ionsh ips  (10) and (ll), w e  have, f o r  r = 30 m: 

f o r  t h e  t o t a l  no i se  l e v e l  and 

f o r  t h a t  of t h e  octave i ( i  = 1, 2 ..... 8). 
Figures 9 and 10 show an example, f o r  t h e  ATAR, of experimental 

curves of t h e  mean v a r i a t i o n  of t h e  d i r e c t i v i t y  index as a func t ion  of 
t h e  angle  0 .  
f o r  t h e  frequency i n t e r v a l s  20-1000 cyc les  and by octaves. These were 
obta ined  as t h e  average of many measurements: 

The following t a b l e  shows t h e  maximum d i r e c t i v i t y  ind ices  
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TABLE I11 

Frequency Band 
Cycles 

Z&llXXO 

2b1-75 
i-5-150 
15GW 
3m-600 
6-1200 

12(xu4GU 
2 4 W O O  

4 & % l W  

MAXIMUM D I R E C T I V I T Y  INDICES OF TURBOJET JETS. 
DISTANCE FROM 30 TO 60 m. 

1.9. n u t  
d6 

6 

I 
I 
6 
6 
5 
4 
4 

4 

3 . 1 . 3 . 3 .  Maximum Acoustic Pressure  of S ta t ionary  
Jets - 

The ca l cu la t ion  of t h e  maximum acous t i c  pressure  of 
s t a t i o n a r y  je ts  ( t o t a l  level and l eve l  by frequency octave) is  c a r r i e d  
ou t  by a series of q u i t e  labor ious  s teps .  
p re s su re  level va lue  i n  the  d i r ec t ion  of m a x i m u m  emission, i t  i s  poss ib l e  
t o  draw graphs which w i l l  g ive t h i s  r e s u l t  d i r e c t l y .  

I f  one d e s i r e s  only t h e  

The l i n e s  shown i n  Figures  11 and 1 2  correspond t o  ca l cu la t ions  of 
t h e  m a x i m u m  acous t i c  t o t a l  l e v e l s  (N,) and the  m a x i m u m  levels by f re -  
quency octave ( N s i ) ,  as a func t ion  of t h e  expanded je t .  The calcula-  
t i o n s  w e r e  c a r r i e d  out f o r  a d i f fe rence  of 30 m from t h e  output nozzle.  

The same f i g u r e s  show the  r e s u l t s  of measurements c a r r i e d  out  w i th  
t h e  t u r b o j e t s  ROLLS-ROYCE 
and PALAS. 
0.2705 m2 (ATAR) and 0.0155 m2 (PALAS), which i s  a r a t i o  of 1 7  t o  1. 
This  is  why the  measured acous t i c  l eve l s  w e r e  cor rec ted  by t h e  term 

10 log (%?, where So i s  a reference su r face ,  0.2215 m2 (AVON) , and a 

i s  t h e  exponent given by Table I. 
e f f e c t  of t he  v a r i a t i o n  of t he  volume mass of t h e  expanded j e t ,  because 
t h e  e f f e c t  on the acous t i c  levels of t he  t u r b o j e t  opera t ing  without 
a f t e r b u r n e r  is  s m a l l .  *) 

R e m a r k :  

AVON RA 29 MK 522, ATAR 9K5, VERDON, W O R E  I1 
The su r face  S of the  nozzle of t hese  t u r b o j e t s  varies between 

(For the  t i m e  being,  w e  neglected t h e  

More complete va lues ,  as a funct ion of t h e  hygroscopic degree, 
are p resen t ly  being s tandardized by t h e  I.S.O. 

* This  paramter is  introduced i n  a publ ica t ion  w r i t t e n  a f t e r  t h i s  
one (Ref. 20).  

20 



600- 12OOHz 
dB I 

8' ._ 111- 

0 40 80 1 3  160 
B I , . , , , , I , , , , , . , , 

u ( O 8 0 1 x ) 1 6 0  

I 

"1. . . , , , , , e. e 

Figure 10 

Sta t ionary  Jets. Di rec t iv i ty  Index f o r  t he  8 Frequency 
Octaves (ATAR 9 K 5 ) .  

(1) Cycles 

The choice of a re ference  dis tance leads  one t o  apply a second /23 
c o r r e c t i o n  t o  the measurements i n  the form of t h e  term 10 log - -  (:J2 
where r i s  the  r ad ius  of the  c i r c l e  adapted f o r  t h e  var ious experiments 
and ro = 30 m. 
by t h e  l a w  l /r2.  

This term represents  t he  geometric a t t enua t ion  given 
An examination of Figures 11 and 1 2  shows t h a t  the  
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Figure 11 

Maximum Sonic Levels as a Function of the Speed of the 
Jet. Frequency 20 - 10,000 Cycles. 

- Mean curve SVj2; 0 R. R. AVON RA 29 MX 522; 

A Verdon; 0 ATAR 9 K5;  x Marbor6 11; 0 Palas; 0 Derwent. 

agreement between the theoretical predictions and the measurements is 
reasonably satisfactory (5 3 dB) . 

However, these results are not valid except for a short distance 
from the turbojet, for the atmosphere attenuation remains negligible. 
At larger distances, it is necessary to examine these attenuation l a w s .  

3 . 1 . 3 . 4 .  Attenuation Laws of Acoustic Radiation 
with Distance 

An acoustic source radiating into a homogeneous un- 
limited space produces the intensity I, at a point situated at the dis- 
tance r: 

I, = ( l/rL) I, e-* 

where I1 is the intensity received in the same direction at the distance 
unity, and ci is an attenuation constant depending on the characteristics 
of the atmosphere. 

The total attenuation in decibels between the distances r and ro 
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Figure 12 

Maximum Sonic Levels by Octaves as a Function of t h e  
Speed of t h e  Jet 

- Calculated l i n e s ;  0 R.R. AVON RA 25 MK 522 ;  
A Verdon; 0 ATAR 9 K5;  x Marbor6 11; 0 Pa las ;  

(1) Cycles 

Dement. 

The f i r s t  term i s  t h e  geometric a t t enua t ion  due t o  propagation. 
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Figure 13 

Fre- 
quency 

20-75 
75-150 
15bW 
3c0-600 

61y)-1m 
12CiL2400 

24co-4800 

48CO-lccYn 

Attenuation of Pressure Sound Levels as a Function of 

Standard atmosphere, temperature 15O, relative humidity 50%. 

(1) Cycles 

the Distance of Air to Ground Propagation 

At tenua t i an  

dB /3CO m 

0.16 
0.16 

0.33 
0.70 
1.50 
3 
6 
12 

-- 

The attenuation in decibels due to atmospheric absorption (second term of 
equation (14), above) was determined by Wiener (Ref. 8) as a function of 
the frequency octaves for a temperature of 15' and a hydroscopic state 
of 50%. It is expressed as the loss in decibels for a distance of 300 m. 

/24 TABLE IV 

ATTENUATION OF THE SOUND OVER 300 m FOR THE AMBIANT TEMPERATURE 
OF 15OC AND THE HYGROSCOPIC STATE OF 50% 

Figure 13 shows the grid of attenuation curves calculated from this 
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Figure 14 

Attenuation of Acoustic Waves Near t h e  Ground, 
Measured and Calculated.  For a Distance of 100 t o  1400 Feet 

From t h e  Source. 

-Measured a t  London Airport;-.- Measured a t  Rad le t t ;  
--- Calculated.  

(1) Cycles 

express ion  (14) a t  d i s tances  between 30 and 3000 m. 

Let  us  now assume an acous t i c  source r a d i a t i n g  near  t h e  ground: 
An image source appears,  and t h e  measurement p o i n t ,  which is  a l s o  loca ted  
nea r  t h e  ground, w i l l  receive a r e f l e c t e d  wave i n  add i t ion  t o  t h e  d i r e c t  
a c o u s t i c  wave. This i s  why t h e  acous t i c  power of s t a t i o n a r y  jets is 
ca l cu la t ed  by i n t e g r a t i o n  of t h e  acous t ic  energy over a half-sphere 
centered  a t  t h e  acous t i c  po in t .  

W e  w i l l  assume t h a t  t he  d is tance  between t h e  po in t  of recept ion  
of the no i se  and t h e  source is  large, s o  t h a t  t he  condi t ions of t h e  
a c o u s t i c  f a r  f i e l d  p r e v a i l  (dis tance i s  l a r g e  wi th  r e spec t  t o  t h e  wave 
l eng ths ,  thus  t h e  geometric a t t enua t ion  due t o  propagation follows t h e  
l a w  l / r2) .  The a t t enua t ion  constants  due t o  t h e  atmosphere and t h e  
ground can be  ca lcu la ted  
cal parameters are f ixed  and under t h e  assumption t h a t  t he  ground has  a 
f i x e d  c h a r a c t e r i s t i c  inpedance. 

as a func t ion  of d i s t ance  when t h e  meteorologi- 

I n  p r a c t i c e ,  t h i s  impedance va r i e s  depending on t h e  na tu re  of t h e  
concrete  runway, sandy t e r r a i n  or  p r a i r i e ,  and the  r e f l e c t i o n s  ground : 

of t h e  acous t i c  waves on the  ground can be e i t h e r  t o t a l  (concrete)  o r  
p a r t i a l  (porous ground). 
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14* Y . 

Figure 15 

A i r c r a f t  i n  F l igh t .  
Function of Jet Velocity with Respect t o  the  Atmosphere 

Corrected a l t i t u d e  30 m y  Frequency 20 - 10,000 cycles .  
(1 Turbojet)  

0 Caravelle; 0 Mirage I V ;  x Fouga; Glos te r  Meteor; 
A MystBre I V  A 

Maximum Sonic Levels as a 

The problem of sound propagation c lose  t o  the ground w a s  examined 
i n  England and i n  t h e  United S ta t e s .  
c a r r i e d  on. Greatrex (Ref. 8) published r e s u l t s  obtained f o r  
t h e  ground near  Radle t t  and London Airport  (Figure 14) .  
cases, t h e  a t t enua t ion  w a s  measured by frequency octaves when t h e  po in t  
of r ecep t ion  of t h e  noise  passed from 100 t o  1414 f e e t  (30 m t o  430 m) .  /25 
The sound sources  were a Boeing 707-420 and a Comet, opera t ing  a t  a 
f i x e d  poin t .  It w a s  found t h a t  f o r  t h e  same d i s t ance  between t h e  source 
and t h e  receiver, t h e r e  w a s  a d i f fe rence  on the  o rde r  of 7 dB 
between t h e  two series of t h e  experiments. 

This work is p resen t ly  s t i l l  being 

I n  these  two 

The same f i g u r e  shows t h e  a t t enua t ion  ca lcu la ted  from t h e  ground- 
ground propagat ion curves given by Cole (Ref. 5 ) .  There i s  a no t i ceab le  
d i f f e r e n c e  with r e spec t  t o  t h e  English da ta .  
phenomena due t o  ground e f f e c t s  a r e  complex. 

It can be seen t h a t  

3 . 2 .  Jets i n  Motion 

When a j e t  having t h e  ve loc i ty  V -  (with respec t  t o  t h e  nozzle)  J 
ope ra t e s  from an a i r c r a f t  i n  f l i g h t ,  which i t s e l f  has  a somewhat smaller 
speed,  -Ve(Wasured i n  the  d i r ec t ion  oppos i te  t o  V j ) ,  wi th  r e spec t  t o  
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t h e  a i r ,  
t o  the  a i r c r a f t , o r  axes r e l a t e d  t o  the atmosphere. Since acous t i c  phe- 
nomena are s tudied  i n  this  atmosphere, which on t h e  average i s  f ixed ,  

t he  outflow can be re fer red  e i t h e r  t o  axes f ixed  wi th  respec t  

i t  i s  l o g i c a l  t o  consider  t h e  absolute  v e l o c i t y  of t h e  j e t ,  V j  - V e .  

3.2.1. To ta l  Maximum Acoustic Pressure  of A i r c r a f t  i n  F l i g h t  

W e  c a r r i e d  out  100 recordings of t h e  acous t i c  pressure  caused 
by the  passage of var ious  types of a i r c r a f t  (Table V ) ,  f o r  j e t  v e l o c i t i e s ,  
V I between 320 m / s  and 620 m / s  and a i r c r a f t  v e l o c i t i e s ,  Ve, between 
53 m / s  t o  255 m / s .  
microphones. 

The a i r c r a f t  passed v e r t i c a l l y  over  t h e  measurement 

TABLE V 

AIRCRAFT TYPE 

1 A i r c r a f t  ITurbojets I" as Sur-gce E 'ec t ion  1 

The ana lys i s  c a r r i e d  out  by frequency octaves as a func t ion  of t i m e  /26 
made i t  poss ib l e  t o  determine t h e  maximum acous t i c  pressure  levels. 
obtained va lues  of Nvi were corrected f o r  an o v e r f l i g h t  a l t i t u d e  of 30 m, 
us ing the  curves shown i n  Figure 13  and i n  order  t o  make t h e  e f f e c t  of 
molecular a t t enua t ion  neg l ig ib l e .  
c u l a t i o n  of t h e  m a x i m u m  t o t a l  acous t ic  levels N,. 

The 

These r e s u l t s  w e r e  used f o r  t h e  cal- 

The obtained va lues  were reduced by 3 dB, except f o r  t he  M y s t k e  I V  A, 
which has a s i n g l e  engine (see 3.1.1.3.). 

It should be  noted t h a t  t he  acous t ic  levels can b e  determined t o  an 
accuracy of - + 4 dB by means of t h e  empir ical  formula 

I n  another  r ep resen ta t ion ,  the acous t i c  levels N, are r e f e r r e d  t o  
t h e  r e fe rence  su r face  S o  = 0.2215 rn2 and t h e  r e s u l t s  obtained are shown 
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1 W 

Figure 16 

Ai rc ra f t  i n  F l igh t .  Generalized Spectrum of Maximum 
Sonic Pressure 

Corrected Al t i t ude  30 m. 

0 AVON RA 29 MK 522; I Dement; 0 ATAR 9 K 5;  A Verdon; 
x Marbor6 I V  

(1) Strouhal number 

as a func t ion  of t h e  j e t  v e l o c i t y  r e l a t i v e  t o  t h e  atmosphere, V j  - Ve 
(Figure 15) .  

3 . 2 . 2 .  Generalized Spectrum of t h e  Maximum Acoustic 
Pressure  Levels 

The a c o u s t i c  spectrum of je ts  i n  motion received on the  
ground depends on the  v e l o c i t y  of the a i r c r a f t ,  V e ,  and, j u s t  as i n  t h e  
case of s t a t i o n a r y  jets,  the  performance numbers of t h e  t u r b o j e t s ,  t h e  
diameter  of t h e  j e t ,  and, due t o  molecular a t t e n u a t i o n ,  t he  a l t i t u d e  
of t h e  o v e r f l i g h t .  ~ 

Since w e  have e s t ab l i shed  t h a t ,  f o r  a i r c r a f t  i n  f l i g h t ,  t he  t o t a l  
n o i s e  l e v e l  depends on the  ve loc i ty  of t h e  j e t ,  r e f e r r e d  t o  t h e  atmosphere, 
i t  can be assumed by analogy t h a t  t he  f requencies  which appear Fa, and 
which are received on t h e  ground a l so  depend on t h e  d i f f e rence  (Vj - Ve). 

I 

With t h i s  hypothes is ,  t h e  generalized spectrum of t h e  maximum 
a c o u s t i c  pressure  level of jets i n  motion can be  represented using t h e  
fol lowing coord ina tes :  
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a s  absc i s sa  - v,-v, D 1 

Nf is the  spec t roacous t ic  pressure level which, f o r  t h e  octave 
with t h e  index i, is given by 

The r e s u l t s  obtained (Figure 16), enable  u s  t o  compile a 
curve of average v a r i a t i o n  of t h e  general ized spectrum of t h e  maximum 
a c o u s t i c  pressure  l e v e l  of a i r c r a f t  i n  f l i g h t .  

3.2.3. Method of Calculat ing the  Maximum Acoustic Pressure  
Levels of Ai rc ra f t  i n  F l i g h t  

L e t  us assume a double j e t ,  f o r  which i s  known the  v e l o c i t y  
the gas exit s u r f a c e  area S ,  and the  v e r t i c a l  Ve, t h e  j e t  v e l o c i t y  V 

a l t i t u d e  from a p o i n t  on the ground. 
maximum a c o u s t i c  p re s su re  levels Nv f o r  t h e  i n t e r v a l  20-10,000 cyc les  
and t h e  a c o u s t i c  pressure  l e v e l s  by frequency octaves,  Nvi. 

j y  
It i s  necessary t o  determine 

The value of Nv f o r  an a l t i t u d e  of 30 m is known from Figure 15 as 
a func t ion  of V j  - V e .  
makes i t  poss ib l e  t o  c a l c u l a t e  the values of Nvi by octaves.  
t h e  curve i n  Figure 13 w i l l  g ive  
t i o n  of t h e  a l t i t u d e  i n  quest ion.  
a l low one t o  compute t h e  normalized aud ib le  l e v e l  i n  P.N. dB. 

The general ized spectrum shown i n  Figure 16  
F ina l ly ,  

the necessary co r rec t ions  as a func- 
The va lues  of N, found i n  t h i s  way 

For r e l a t i v e  j e t  v e l o c i t i e s  between 250 m / s  and 550 m / s ,  t h e  
accuracy of t h i s  method is f. 4 dB, which is q u i t e  s a t i s f a c t o r y .  

For l a r g e r  va lues  of V j  - V e ,  the  c a l c u l a t i o n  is  s t i l l  p o s s i b l e  i f  
w e  a l low a v a r i a t i o n  of Nv as a func t ion  of t he  speed of t h e  j e t  wi th  
r e s p e c t  t o  t h e  atmosphere. It i s  continued i n  such a way that i t  follows 
t h e  empir ica l  l a w  given by t h e  l i n e  shown i n  Figure 15. 

This  hypothesis  remains t o  be v e r i f i e d .  

3 . 3 .  L i m i t s  of Va l id i ty  of the Var ia t ion  of t h e  Acoustic Power 
According t o  V i 8  

In  a paper devoted t o  t h e  study of j e t  n o i s e  (Ref. 7 ) ,  it w a s  shown 
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t h a t  the  acous t ic  e f f i c i ency  ( r a t i o  of L e  t o t a l  acous t i c  power t o  t h e  
mechanical power of t he  j e t )  i s  propor t iona l  t o  M4* ’. 
e f f i c i ency  of 

This leads  t o  an 
f o r  M j  = 1 and of 3 0 1 0 - ~  f o r  M = 1.7. 

The study of rocke t  n o i s e  (Ref. 10) shows, on t h e  o the r  hand, t h a t  

j 

f o r  Mach numbers M. i n  t h e  v i c i n i t y  of 7, t h e  acous t i c  e f f i c i ency  does no t  
surpass  7.5-10-3. 

J 

It i s  remarkable t h a t  t he  acous t ic  e f f i c i ency  reaches t h i s  o rde r  of 
magnitude even f o r  t u r b o j e t s  functioning wi th  a f t e rbu rne r s ,  such as t h e  
ATAR 9 K 5 ,  where t h e  Mach number M.  is only 2.5. 

J 

The f a c t  t h a t  t h e  acous t i c  e f f i c i ency  of j e t s  s t r i v e s  toward a l i m i t  
a t  t h e  high v e l o c i t i e s  shows t h a t  the acous t i c  power cannot always inc rease  
according t o  a s i n g l e  V 8- law.  

j 

The study of t h i s  ques t ion ,  which is  necessary f o r  f a s t e r  je ts ,  such 
as those  of the  Concorde, w i l l  be ca r r i ed  out  i n  t h e  next  chapter.  

4. CALCULATION OF THE MAXIMUM ACOUSTIC PRESSURE - 128 
OF JETS, BASED ON THE EFFECT OF VELOCITY 

CONVECTION OF VORTICES 

4.1. S ta t ionary  Jets 

4.1.1. Di rec t iona l  D i s t r ibu t ion  of Acoustic I n t e n s i t y  

L i g h t h i l l  showed (Ref. 4 )  t h a t  an instantaneous pressure  P is  
as soc ia t ed  wi th  each acous t i c  quadruplet .  A t  a po in t  a d i s t ance  r from 
t h i s  source,  which i s  i n  motion i n  a j e t ,  the  instantaneous pressure  P 
i n  t h e  d i r e c t i o n  8 i s  given by 

T i  

Po is t h e  static pressure  and i s  t h e  e f f e c t i v e  pressure ,  

i s  t h e  c h a r a c t e r i s t i c  t enso r  of the  quadruplet .  
j 

emi t ted  a t  t h e  t i m e  (t - &). 
The e f f e c t  of convection e n t e r s  only by means of a f a c t o r  (l-Mc  COS^)-^, 

which inc reases  t h e  acous t i c  r ad ia t ion  of motion of t h e  sources  and de- 
creases the  acous t i c  emission i n  the  opposi te  d i r ec t ion .  

The acous t i c  i n t e n s i t y  a t  the  same po in t  w i l l  b e  propor t iona l  t o  
(l-Mc I n  any case, according t o  (Ref. ll), L i g h t h i l l  a t t r i b u t e s  
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t he  f a c t o r  (l-Mc  COS^)'^ t o  the d i r e c t i o n a l  d i s t r i b u t i o n  of t he  acous t i c  
i n t e n s i t y .  

4.1.1.1. Discussion of t he  Fac tor  (l-Mc  COS^)-^ 

The d i r e c t i o n a l  d i s t r i b u t i o n  of t he  acous t i c  quadruplet  
i n t e n s i t y  behaves according t o  (l-Mc  COS^)'^, and w a s  experimentally ve r i -  
f i e d  (Ref. 1 2 ,  13) f o r  cold subsonic je ts  (with r e spec t  t o  t h e  speed of 
sound i n  ambiant a i r ) ,  f o r  which the convection Mach number M, had a va lue  
between 0.3 and 0.5. 

The case where M, > 0.5 is  of great p r a c t i c a l  importance, s i n c e  f o r  
take-off of t r anspor t  a i r c r a f t ,  such as t h e  Caravelle, t h e  value of Mc i s  
on t h e  order  of 0.9. 

For t h i s  reason, we w i l l  now make s e v e r a l  genera l  remarks on t h i s  
s u b j e c t .  

. The acous t i c  rad ia-  The f a c t o r  (l-Mc cos8) i s  zero  f o r  cos0 = - l 
(1) 

MC 

t i o n  w i l l  be i n f i n i t e  i n  t h i s  d i r e c t i o n ,  which i s  phys ica l ly  impossible. 
The a c o u s t i c  r a d i a t i o n  due t o  convection of systems of quadruplets cannot 
concent ra te  a l a r g e r  i n t e n s i t y  than t h a t  of t h e  source i t s e l f  i n  t h i s  
d i r e c t i o n .  

/29 

(2) According t o  equat ion (16), t h e  maximum a c o u s t i c  p re s su re  i s  
propagated i n  the  d i r e c t i o n  8=O(Mc < 1) 

I n  c o n t r a s t  t o  t h i s  r e s u l t ,  t h e  d i r e c t i o n  i n  which t h e  maxi- 

I n  add i t ion ,  t h e  angle 8 M i s  a func t ion  of t h e  v e l o c i t y  of t h e  
mum a c o u s t i c  i n t e n s i t y  i s  received i s  not  t h e  same as t h e  t h r u s t  ax i s  
(Ref. 6 ) .  
j e t  and t h e  diameter (4.1.1.3). 

(3) The acous t i c  i n t e n s i t y  cannot increase  i n d e f i n i t e l y .  It must 
be assumed t h a t  t he  exponent of t h e  ampl i f ica t ion  f a c t o r  which r ep resen t s  
t h e  phenomenon of t h e  convection of acous t ic  sources (l-Mc cose) must de- 
c rease ,  ou ts ide  of c e r t a i n  l i m i t s ,  and tend towards zero. The value of 
Mc,for which t h e  ampl i f ica t ion  of t he  acous t i c  emission due t o  the  phe- 
nomenon of convection becomes smaller, remains t o  be determined. 

(4) W e  are l e d  t o  t h e  problem of f ind ing  an exponent n f o r  t h e  
binomial  (l-Mc cose)'Q which is  no longer cons tan t  ( f o r  Mc > 0.5), but is 
i t s e l f  a func t ion  of M,. This value w i l l  be determined experimentally. 
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4.1.1.2. Experimental Research on t h e  Var ia t ion  of 
t h e  Exponent n as a Function of M, 

The theory f o r  the convection e f f e c t  i s  v a l i d  f o r  t h e  
e n t i r e  acous t i c  spectrum. This is why only t h e  r e s u l t s  of t h e  measure- 
ments of t h e  t o t a l  l e v e l  i n  dec ibe ls  are represented as a func t ion  of t h e  
azimuth 8 i n  Figure 17 .  

Table V I  shows the  values of the v e l o c i t y  V of t h e  je ts  and t h e  
j 

number Mc. 

f o r  t h e  temperature of 15'. 
The speed of sound C, used i n  t h e  c a l c u l a t i o n  w a s  t h e  one v a l i d  

TABLE V I  

VELOCITY Vj AND Mc 

[Turbojets I "tAe e oci ty  J e t  o jMach No. 

In Figure 1 7 ,  the  curva(cont inuous  l i n e )  hav been ca l cu la t ed  i n  /30 !i each case using t h e  expression 10 log  (l-Mc cos8)- . 
w a s  determined by means of successive approximations i n  order  t o  achieve 
a s a t i s f a c t o r y  agreement between the ca l cu la t ed  and experimental curves. 

The exponent n 

It can be seen t h a t  f o r  V j  = 250 m / s ,  t h e  value p red ic t ed  by theory,  
n = 5 ,  r e s u l t s  i n  good agreement with experiment f o r  8 > 20'. 

For l a r g e r  j e t  v e l o c i t i e s ,  smaller values of n must be assumed. 
Thus, f o r  V j  = 610 m / s ,  t h e  f a c t o r  (1-Mc cos8) must only be r a i s e d  t o  a 
power i n  t h e  v i c i n i t y  of 2. 

Figure 18 shows the  v a r i a t i o n  of n as a func t ion  of Mc. 

The f i r s t  conclusion which can be drawn from t h i s  experimental study 
is t h a t  f o r  M, between 0.35 and 0.90, t h e  d i r e c t i o n a l  d i s t r i b u t i o n  of 
t h e  t o t a l  a c o u s t i c  l e v e l s  of t he  jet is  propor t iona l  t o  
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Figure 17 

Direc t iona l  D i s t r ibu t ion  of Sonic Pressure,  i n  Decibels 

Curve : IO I ~ ~ ~ I - . M ~ ~ ~ . ~ ~ - - .  

a - AVON RA 29 MK 522, rad ius  150 m, j e t  speed 250 m/s. 
b - AVON RA 29 MK 522, rad ius  60 m,  j e t  speed 450 m/s. 
c - Marborg 11, radius  60 m ,  j e t  speed 505 m/s. 
d - AVON RA 29 MK 522, rad ius  150 m,  j e t  speed 574 m/s. 
e - ATAR 9 B 3 ,  rad ius  60 m,  j e t  speed 608 m/s. 
f - AVON RA 29 MK 522, rad ius  60 m, j e t  speed 610 m/s. 

with Respect t o  (3 = 90". 

The va lue  of n, expressed asa  funct ion of Mc,  i s  given by t h e  equat ion of 
t h e  l i n e ,  shown i n  Figure 18. 

9 '  6 -3 ,4  M, 

(18) 

33 



3 TI- 6-3.4 a, 
_z - 1- 

Sta t ionary  Jets, Valley of t h e  Exponent TI as a 
Function of Convection Mach Number Mc 

0 AVON RA 29 MK 522; x Marbor6 11; 0 ATAR 9 K 5 dry 
regime; @ ATAR 9 K 5 with a f te rburner .  

4.1.1.3. Experimental Relat ionship Between BM and Mc 

A second r e s u l t  obtained from t h i s  study i s  t h a t  the  
azimuth corresponding t o  the  maximum acous t i c  r a d i a t i o n ,  which is  t h e  only 
s i g n i f i c a n t  quant i ty  f o r  our ca l cu la t ions ,  is a l s o  a func t ion  of the  j e t  
v e l o c i t y  and of the  convective ve loc i ty ,  McCa. 

The values  of 8M i n  degrees a r e  shown f o r  f i v e  t u r b o j e t s  as a func t ion  
of Mc i n  Figure 19.  The e f f e c t  of the diameter of t h e  j e t  w a s  neglected.  

The equat ion of t h e  l i n e  represent ing the  average v a r i a t i o n  of 8M as 
a func t ion  of Mc i s  given by 

(8, i s  expressed i n  degrees) .  

4.1.1.4. Factor of t h e  M a x i m u m  Direc t iona l  Acoustic 
I n t e n s i t y  

The d i r e c t i o n a l  c h a r a c t e r i s t i c s  of the  m a x i m u m  no i se  of 
s t a t i o n a r y  j e t s  can be expressed as a func t ion  of only the  average Mach /31 
number of convection of the  turbulence i n  the  j e t  
having a s m a l l  diameter,  such as  those of t h e  Marbore 11, seem t o  follow 
a s l i g h t l y  d i f f e r e n t  law). 

(never the less ,  jets 

The curve showing the  va r i a t ion  of (Mc coseM)-'l (20) as a func t ion  
of Mc i s  shown i n  Figure 20, where TI and BM are given by equations (18) 
and (19).  

34 



I . *  *II I , f fc 
92 0.3 Q4 0.5 0.6 0.7 Q8 Og 1 l l  .?2 

Figure 19 

Sta t ionary  Jets. Angle 8M of Maximum Sonic Emission 
as a Function of Convection Mach Number M, 

AVON RA 29 MK 522; x Marbor6 11; 0 ATAR 9 K 5 dry 
regime; A Verdon; 0 ATAR 9 K 5 with a f te rburner .  

The measurement r e s u l t s  are a l so  shown i n  t h e  same f igure .  The va lues  
shown correspond t o  the  d i f f e rence  between t h e  t o t a l  acous t i c  l e v e l s  along 
t h e  d i r e c t i o n  of t h e  vec to r  corresponding t o  t h e  maximum acous t i c  r a d i a t i o n ,  
and t h e  pressure  levels are measured f o r  t h e  azimuth of 90°, t h e  angle  f o r  
which t h e  f a c t o r  (l-Mc cose) is equal t o  1. 

It can be  seen t h a t  t h e  acous t ic  i n t e n s i t y  along the  d i r e c t i o n  of 
m a x i m u m  acous t i c  r a d i a t i o n  increases  wi th  t h e  Mach number of convection, 
Me, when the  value of M, remains below approximately 1. 
creases a f t e r  t h i s  i f  t h e  convection v e l o c i t y  becomes l a r g e r  than 2 Ca. 

The i n t e n s i t y  de- 

4.1.2. Calculat ion of the M a x i m u m  To ta l  Acoustic Pressure  
Levels 

Af te r  t h e  iso-PNdB-curves have been determined on t h e  ground and 
t o  both  s i d e s  of t h e  t r a j e c t o r y  of an a i r c r a f t  on take-off,  i t  is poss ib l e  
t o  determine, i n  advance, the  d i s t r i b u t i o n  of t h e  m a x i m u m  acous t i c  pressure  
levels along lines p a r a l l e l  t o  t h e  path of t h e  a i r c r a f t .  

These acous t i c  levels are ca l led  l i n e a r  ones,  t o  d i s t ingu i sh  them 
from p o l a r  acous t i c  levels, which are determined a t  a constant  r a d i a l  d i s -  
t ance  from an a i r c r a f t  a t  rest. This lat ter s tudy w a s  c a r r i e d  out  i n  
3.1.1.2. 

Af t e r  t h e  maximum acous t i c  l eve l s  have been ca lcu la ted ,  it becomes 
p o s s i b l e  t o  f i n d  t h e  l a w s  of va r i a t ion  of p o l a r  acous t i c  l e v e l s  as a func- 
t i o n  of t h e  v e l o c i t y  of the expanded j e t .  A c o r r e c t i v e  term i s  introduced 
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Figure 20 

Sta t ionary  Jets. 

Reference: son ic  l e v e l s  f o r  8 = 90°. 

Sonic Levels Rela t ing  t o  t h e  Angle 8; 
as a Function of Convection Mach Number Mc 

Awn 1u 29 XK 511 X YuborC I1 0 ATAR 9 K s 
.dm *. J 13 A IO. a 14 ~ ~ 3 4  m AVOS ~4 19 XK 327 

+ AvONRA21R 

i n  order  t o  be a b l e  t o  car ry  out the t r a n s i t i o n  t o  t h e  l i n e a r  acous t i c  
l e v e l s  des i red .  
along the  path of a i r c r a f t  i n  f l i g h t ,  i t  becomes poss ib l e  t o  compare the  
acous t i c  levels of s t a t i o n a r y  j e t s  and je ts  i n  motion. 

Since t h e  l i n e a r  acous t ic  l e v e l s  are always measured 

4.1.2.1. M a x i m u m  Acoustic Pressure  i n  Po la r  
Coordinates 

The c a l c u l a t i o n  method cons i s t s  of determining t h e  
a c o u s t i c  i n t e n s i t y  f o r  t h e  angle a t  which the  convection f a c t o r  is  equal  
t o  1. The expression obtained is mul t ip l ied  by the  m a x i m u m  ampl i f i ca t ion  
f a c t o r  of t h e  acous t i c  i n t e n s i t y  and which is  given by (20). It w a s  seen 
above (3.1.1.2.) t h a t  f o r  Vj  < 2 Cay t h e  acous t i c  power of t u r b o j e t s ,  which 
o p e r a t e  without an a f t e rbu rne r ,  i s  wel l  represented by t h e  L i g h t h i l l  equa- 
t i o n ,  equation ( l ) ,  o r  by equat ion ( 4 )  i n  dBp. - I32 

The average s p a t i a l  acous t i c  l e v e l  Nm (see 3.1.3.1.) of an a c o u s t i c  
sou rce  which has t h i s  power and which r a d i a t e s  uniformly i n t o  a hemisphere 
having t h e  r ad ius  r w i l l  be given by t h e  following equat ion 

according t o  ( 4 )  and (9), by replacing V j  by 2 McCa. 

The constant C 1  is 132 dB f o r  t h e  adopted rad ius  30 m (see 3.1.3.3.) 
and f o r  t h e  value of t h e  acous t i c  power c o e f f i c i e n t  K of 3*10-5, determined 
i n  3.1.1.2. 
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Figure 2 1  

S ta t ionary  Jets. Polar  Sonic Levels as a Function 
of t h e  Jet Speed, Corrected f o r  r = 30 m and S = S o  = 0.2215 m2 

Figure 2 1  shows t h e  s t r a i g h t  l i n e  r ep resen ta t ion  of t h i s  equat ion i n  
logar i thmic  coordinates (dotted l i n e ) .  

The r e s u l t s  obtained from equation (21) cannot a r b i t r a r i l y  be r e t a i n e d  
up t o  t h e  end of t h e  ca l cu la t ion ,  because along t h e  d i r e c t i o n  of 8 = 90° 
t h e  d i r e c t i v i t y  index i s  not  zero (see 3.1.3.2.). This d i r e c t i o n  is t h e  
only one t o  consider here.  

Experiment shows (see a l s o  [Ref. 141) t h a t  t h e  va lue  of t h i s  index is  
-6 dB on t h e  average. 
our a c o u s t i c  l e v e l  re ference  Nr  becomes 

This causes a change i n  t h e  cons tan t  C1, such t h a t  

N r .  ?C !..?,- 5 P''; * c+ 

with  C2 = C4 - 6 dB = 132 dB. 

Equation (22) is  given by t h e  l i n e  shown i n  Figure 2 1  (a continuous 
l i n e ) .  This f i g u r e  a l s o  shows the tu rbo je t  acous t i c  levels f o r  8 = 90°, 
r e f e r r e d  t o  a r e fe rence  su r face  of So = 0.2215 m2 and cor rec ted  f o r  ro = 3Om. 
It can be seen t h a t  t h e  experimental r e s u l t s  confinned the v a l i d i t y  of 
equa t ion  
L e t  us recall t h a t  t h i s  l a w  aoes not in t roduce  t h e  e f f e c t  of convection, 
which i s  t h e  case under consideration here.  

(22) w e l l ,  which is derived from the  dimensional l a w  of L i g h t h i l l .  

For t h i s  reason, equation (22) 
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Figure 22 

I s o b a r i c  Curves, i n  Decibels, of a Lateral Acoustic 
Quadruplet. Diverted A c o u s t i c  F i e ld  (see t e x t ) .  

(1) Jet a x i s  

no longer needs t o  s a t i s f y  the  r e s t r i c t i v e  condi t ion  Mc < 1. 

L e t  us now in t roduce  t h e  convection f a c t o r  i n  t h e  d i r e c t i o n  OM of 
maximum acous t i c  emission i n t o  equation (22), which has already been de- 
termined. 

The des i r ed  m a x i m u m  acous t i c  l e v e l  Np i s  thus given by 

?l and OM are given by equations (18) and (19). 

The curve ca l cu la t ed  according t o  equations (23) i s  shown i n  Figure 21. 
The experimental  p o i n t s  of Figure 11 which i n d i c a t e  t h e  maximum a c o u s t i c  /33 
levels of t h e  t u r b o j e t s  s tud ied  are a l s o  shown i n  t h i s  f i gu re .  

It can be seen  t h a t  t h e  experimental r e s u l t s  are i n  s a t i s f a c t o r y  
agreement with t h e  r e s u l t s  of t h e  ca lcu la t ions .  

4.1.2.2. Maximum Linear  Acoustic Pressure  

The r e l a t i o n s h i p  between t h e  maximum po la r  a c o u s t i c  
l e v e l s  and t h e  maximum l i n e a r  acous t ic  l e v e l s  can be  determined from t h e  
geometr ical  cons t ruc t ion  shown i n  Figure 22. 
a c o u s t i c  l e v e l  
a c o u s t i c  f i e l d .  

It shows lobes of equal  
of a la teral  acous t ic  quadruple t ,  considered i n  t h e  f a r  
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Sta t ion  ry Jets. Maximum Linear Sound Level as a 
Function of Jet Speed, Corrected f o r  1 = 30 m and 

S = So = 0.2215 m2. 
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The maximum po la r  l e v e l  i s  given by the  po in t  A. This po in t  i s  de- 
f ined  by the  i n t e r s e c t i o n  of the  polar  coordinate vec tor  reM and t h e  
circle. 

Based on 
B i s  found, which i s  t h e  i n t e r s e c t i o n  po in t  with t h e  l i n e  tangent t o  t h e  
circle and p a r a l l e l  t o  one of t he  symmetry axes of t h e  quadruplet .  
a c o u s t i c  level a t  t h e  po in t  B i s  diminished by 10 loglo s in2gM with 
r e s p e c t  t o  t h e  acous t i c  l e v e l  a t  A. 

t h e  same radius  vector,  t h e  l i n e a r  acous t i c  l e v e l  a t  po in t  

The 

The m a x i m u m  l i n e a r  acous t i c  l eve l  a t  po in t  C i s  given by t h e  tangent 
lobe  on the r i g h t .  
ponding t o  t h i s  lobe  is  l a r g e r  than 1 dB wi th  respec t  t o  t h e  acous t i c  
level of t h e  lobe  which i n t e r s e c t s  the l i n e  a t  po in t  B. 

According t o  the l / r  l a w ,  t h e  acous t i c  l e v e l  corres- 

The r e l a t i o n s h i p  between t h e  maximum po la r  acous t i c  levels and the  
It can be maximum l i n e a r  a c o u s t i c  levels has been defined i n  t h i s  way. 

seen  t h a t  t h e  m a x i m u m  l i n e a r  acous t ic  l e v e l  Ns i s  given by 

where C3 = C 2  + 1 dB = 133 dB f o r  the lateral  d i s t ance  of 30 m. 

The l i n e a r  a c o u s t i c  l e v e l s  of t u rbo je t s  f o r  t h e  measured angles eM 
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are shown i n  Figure 23. They confirm the v a l i d i t y  of equat ions (24).  

For an a i r c r a f t  p rope l led  by n i d e n t i c a l  je ts ,  t h e  maximum t o t a l  
acous t i c  level NT is  given by 

N,= 4 +I@ 3~ ( see  3.1.1.3.) 

4.1.3. Generalized Spectrum of t h e  Maximum Linear  Acoustic /34 
Pres  s u r e  

The experimental  d a t a  cons i s t  of m a x i m u m  p o l a r  acous t i c  levels 
by frequency octaves and by angles  eM belonging t o  t h e  frequency i n t e r v a l s .  
The c a l c u l a t i o n  of t h e  maximum linear acous t i c  levels was c a r r i e d  out  
according t o  t h e  geometrical  cons t ruc t ion  of Figure 22. 
w a s  c a r r i e d  out  along a l i n e  p a r a l l e l  t o  t h e  j e t  and tangent  t o  t h e  circle,  
along which t h e  acous t i c  levels are known. 
which are necessary i n  order  t o  determine the  genera l ized  spectrum, were 
determined by summation of t he  p a r t i a l  acous t ic  i n t e n s i t i e s .  

The ca l cu la t ion  

The t o t a l  acous t i c  levels, 

For t h e  lateral d i s t ance  of 30 m ,  which w a s  chosen s o  t h a t  t he  
molecular a t t enua t ion  w a s  neg l ig ib l e ,  t h e  genera l ized  spectrum of t h e  
m a x i m u m  l i n e a r  acous t i c  pressure  l e v e l  i s  shown i n  Figure 24. 

The coordinates  used w e r e :  

Abscissa, .  t h e  Strouhal  number: 

Ordinate : 

fes  i s  t h e  frequency emit ted by t h e  

i Nr - [Ns - 10 &,y %] 
s t a t i o n a r y  jets. 

In t h i s  f i gu re ,  t h e  continuous curve between t h e  experimental  l i m i t s  
shows the  average v a r i a t i o n  of the general ized spectrum. 
noted t h a t  f o r  S t rouhal  numbers between 0.3 and 0.6, t h e  major i ty  of 
experimental  po in t s  is loca ted  below t h i s  curve. This f a c t  can be a t t r i b u -  
t e d  t o  t h e  selective absorpt ion by the  Sun, which i s  encountered i n  the  
corresponding frequency in t e rva l .  

It should be  

4.2. Jets i n  Motion 

4.2.1. Generalized Spectrum of t h e  Maximum Linear Acoustic 
Pressure  

This general ized spectrum w a s  a l ready obtained (Figure 16) .  
Le t  us recall t h a t  t he  non-dimensional coordinates  used were (see 3.2.2.) 
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Figure 24 

S ta t ionary  Jets. General Spectrum of Direc t ion  of 
Maximum Linear Sonic Pressure,  Corrected f o r  1 = 30 m. 

e AVON RA 19 YY 522 
A Vndoo x Y u b a ( l l  

a ~ c m c n t  '0 ATAR 9 K 5 

(1) Strouhal number 

Abscissa 

Ordinate i D s"'= v,.u B 

N -[N,, - 10  &: v] 
f 

The choice of these  dimensionless q u a n t i t i e s  l eads  t o  a representa- /35 
t i o n  of t h e  genera l ized  spectrum of jets i n  motion which is  d i f f e r e n t  from 
t h a t  obtained f o r  s t a t i o n a r y  jets. 
16 and 24. 

This can be  seen  by comparing Figures 

The r ep resen ta t ion  of t hese  two s p e c t r a  by means of a un ive r sa l  
curve i s  obviously of i n t e r e s t .  
app ropr i a t e  system of coordinates.  

This l eads  t o  the  determination of an 

4.2.1.1. Discussion of Dimensionless Quan t i t i e s  (15) 

For t h e  v e l o c i t i e s  V .  and Ve encountered i n  our experi-  
J 

ment, t he  term V e  i s  s m a l l  wi th  respect t o  1. This i s  a l s o  t r u e  f o r  t he  
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term - V e  cosOM. 

Ca 

W e  can the re fo re  set 

3 (,.-$)q (1 -& me,) 

The Strouhal  number of t h e  je t  i n  motion can thus b e  w r i t t e n  as 

W e  have 

from which 

Thus, f o r  t h i s  r e l a t ionsh ip ,  the apparent frequency f a  i s  lower than  
t h e  frequency emi t ted  by t h e  s t a t iona ry  j e t  f es 

The p ropor t iona l i t y  f a c t o r  i s  given by t h e  Doppler e f f e c t  f o r  Vc << Ca 
f o r  t h e  case where an acous t i c  source i s  regress ing  a f t e r  having flown 
over  a f ixed  observer.  

In  e f f e c t ,  t h i s  is t h e  case because, f o r  j e t  a i r c r a f t  i n  f l i g h t ,  t h e  
angle  OM i s  always acute  (Figure 1). 

On the  o the r  hand, t h e  nondimensional o rd ina te  of t h e  general ized 
spectrum of jets i n  motion w i l l  be  expressed by 

I *  v,(+nroJe,) 

The choice of t hese  coordinates does not  l ead  t o  a coincidence of 
It can 

& - c % - ' o $  D 

/36 
t h e  genera l ized  s p e c t r a  of s t a t iona ry  je ts  and jets i n  motion. 
b e  s t a t e d  that, everything else being equal ,  the frequencies  emit ted by 
t h e  je t  i n  f l i g h t  are no t  i d e n t i c a l  t o  t h e  frequencies  emitted by t h e  
s t a t i o n a r y  jets. 

The determinat ion of t h e  r e l a t ionsh ip  between these  frequencies  l eads  
t o  another  important consequence. It becomes poss ib l e  t o  ob ta in  an ex- 
p r e s s i o n  f o r  t h e  acous t i c  power produced by t h e  jets which i s  v a l i d  for 
s t a t i o n a r y  jets as w e l l  as f o r  jets i n  motion. 
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Figure 2 5  

Generalized Spectrum of Maximum Sonic Pressure  
Corrected f o r  1 = 30 m. 

A i r c r a f t  i n  f l i g h t :  8 Caravelle;  I Glos ter  Meteor; 
0 Mirage I V ;  A Mystgre I V  A; x Fouga Magister 

S ta t ionary  a i r c r a f t :  7 (? taken from Figure 2 4 )  

(1) Strouhal  number 

4.2.1.2.  Relationship Between the  Frequencies 
E m i t t e d  by S ta t ionary  Jets and Jets 
i n  Motion 

I n  paragraph 2.2  w e  ind ica t ed  t h a t  t he  c h a r a c t e r i s t i c  
f requencies ,  caused by volume sources d i s t r i b u t e d  along the  ax i s  of t he  j e t ,  

are p ropor t iona l  t o  A, where V j  is  a c h a r a c t e r i s t i c  ve loc i ty  wi th  respect 

t o  t h e  t a i l  p ipe ,  

V 
X 

The average ve loc i ty  of convection of t he  s t a t i o n a r y  j e t  is % V j. 

Thus w e  have tP t 5 
For t h e  j e t  i n  f l i g h t ,  t h e  average ve loc i ty  of convection i s  given 

by % (Vj  + Ve) because, with respect  t o  t h e  a i r c r a f t ,  t h e  e x t e r i o r  out- 

flow is p a r a l l e l  t o  the  p r i n c i p a l  jet  and has the  same d i r e c t i o n  as t h e  
la t ter .  On t h e  o ther  hand, i n  the case of t he  j e t  i n  motion, t he  f ixed  
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Figure 26 

Outflow Geometry of Jets (Ref. 16)  

- Atmosphere a t  r e s t  ". __- - = 0.25 

v, 

observer measures t h e  apparent frequencies fa. 
t hese  frequencies and the  frequency emi t ted  by t h e  j e t  i n  f l i g h t ,  fev, 
which i s  given by t h e  Doppler e f f e c t ,  becomes 

The r e l a t i o n s h i p  between 

Under these  condi t ions ,  one f i n a l l y  ob ta ins  

a 

By combining r e l a t i o n s h i p s  (27) and (28 ) ,  on obta ins  t h e  f i n a l  r e s u l t  
which c o n s i s t s  of t h e  r a t i o  between t h e  f requencies  emitted by s t a t i o n a r y  
jets and jets i n  motion, which is w r i t t e n  as 

V e  L e t  us remember t h a t ,  q u i t e  genera l ly ,  t h e  r a t i o  - and t h e  product 

One can form 
V j 

M CoseM are s m a l l  and of t h e  same order wi th  r e spec t  t o  1. 
t h e  express ion  

The experimental v e r i f i c a t i o n  of t h i s  r e l a t i o n s h i p  is c a r r i e d  out i n  /37 
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t h e  following sec t ions .  

4.2.1.3. Experimental Resul t s  

I n  (25) l e t  us  replace fes by fevy given by (29). 

The nondimensional coordinates of t h e  genera l ized  spectrum of jets 
i n  motion w i l l  thus  be 

- Abscissa 

- Ordinate 

Using these  coord ina tes ,  Figure 25 shows . the r e s u l t s  of an a n a l y s i s  
of t h e  no i se  c rea ted  by f i v e  types of a i r c r a f t  i n  f l i g h t .  
purposes, t h e  r e s u l t s  obtained f o r  the same a i r c r a f t  under s t a t i o n a r y  con- 
d i t i o n s  have been added and were taken from Figure 24. 
t h e  average 
j e t s  is  a l s o  included. 

For comparison 

The curve showing 
v a r i a t i o n  of t h e  generalized spectrum determined f o r  s t a t i o n a r y  

It can be seen t h a t  t h e  generalized spectrum of j e t s  i n  motion 
follows t h e  s a m e  average curve a t  the p re sen t  t i m e .  This r e s u l t  t h e r e f o r e  
confirms t h e  v a l i d i t y  of r e l a t i o n s h i p  (29). I n  p r a c t i c e ,  t he  no i se  spec- 
trum of a i r c r a f t  i n  f l i g h t  is expressed i n  terms of apparent frequencies.  
This i s  why nondimensional coordinates are introduced i n  the  c a l c u l a t i o n  
of t h e s e  f requencies ,  where the  Doppler e f f e c t  i s  taken i n t o  account. These 
are 

- Abscissa 

- Ordinate 

1 D c-=Jo 

4.2.2. Acoustic power of jets i n  Motion 

The a c o u s t i c  power of jets i n  motion can be determined by di-  
mensional a n a l y s i s ,  based on t h e  r e s u l t s  obtained previously f o r  s t a t i o n a r y  
je ts .  

I n  3.1.1.1., from (Ref. 3 ) ,  w e  found the  r e l a t i o n s h i p  

ws is  t h e  acous t i c  power of t h e  subsonic s t a t i o n a r y  j e t  and QS and L, a r e  
a c h a r a c t e r i s t i c  frequency and a c h a r a c t e r i s t i c  dimension of t h e  turbulence,  
r e s p e c t i v e l y .  
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Effec t  of Secondary Outflow (Ref. 16) 

(1) Peaks of p o t e n t i a l  outflow cones 

For t h e  j e t  i n  motion, t h e  ve loc i ty  which e n t e r s  i n t o  t h e  ca l cu la t ion  
of t h e  acous t i c  power wav, is  (Vj  - Ve) .  Therefore,  one 

is  a c h a r a c t e r i s t i c  frequency of t h e  j e t  i n  f l i g h t  t h i s  t i m e .  L, i s  /38 ev 
a c h a r a c t e r i s t i c  dimension of t he  turbulence of t h i s  je t .  

The r e l a t i o n s h i p  between the  acous t ic  power of jets i n  f l i g h t  and 

It is  assumed t h a t  t h e  r a t i o  of fe,  
s t a t i o n a r y  j e t s  is thus  def ined,  under t h e  condi t ion  t h a t  a r e l a t i o n s h i p  
between Ls and L, i s  es tab l i shed .  
and fe, is  given by (29) .  Kraichnann (Ref. 15) showed t h e o r e t i c a l l y  t h a t  
t h e r e  is  a r e l a t i o n s h i p  between the  turbulence scale and t h e  assoc ia ted  
a c o u s t i c  wave, such t h a t  f o r  a given turbulence wave number t h e r e  i s  a 
corresponding acous t i c  wave f o r  the  same wave number. It follows from 
equat ion  (29) t h a t  t h e  development of t h e  turbulence of s t a t i o n a r y  jets 
and je t s  i n  motion w i l l  no t  b e  t h e  same along t h e  axis of t h e  je t .  

This hypothesis  w a s  corroborated by the ca l cu la t ions  of Squire  and 
Trouncer (Ref. 1 6 ) ,  who s tudied  the s t r u c t u r e  of coax ia l  jets.  These 
au tho r s  determined t h e  equat ions of motion of a round je t  i n  an incom- 
p r e s s i b l e  f l u i d ,  subjec ted  t o  ex te rna l  outflow i n  t h e  same d i r e c t i o n  as 
t h a t  of t h e  j e t .  They showed t h a t  t h e  cone of outflow p o t e n t i a l  i s  ex- 
tended and t h e  angle  of expansion of t h e  j e t  is  diminished f o r  a j e t  i n  
an atmosphere a t  rest. The numerical s o l u t i o n s  (Ref. 16) of t h e i r  equa- 
t i o n s  (Figure 26) show t h e  rad ius  of t h e  j e t  ro and t h e  rad ius  of t h e  
cone of outflow p o t e n t i a l  r l  . referred t o  t h e  r a d i u s  of t h e  nozzle  a ,  f o r  
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Figure 28 

Re la t ive  Var ia t ion  of Zones of Turbulence of Jets 

V e  c2x d i s c r e t e  values of -, as a func t ion  of -. 
of t h e  .mixing zone, Aqua1 t o  0.0067. 

c2 i s  a length  c o e f f i c i e n t  V. a 

- r  
a 

Figure 27 shows t h e  v a r i a t i o n s  of t h e  term ‘0s IS, f o r  a j e t  oper- 

a t i n g  i n  an atmosphere a t  r e s t ,  and of r ~ m  - r l m  

c o a x i a l  outflow Vg, 

of t h e  jet subjected t o  t he  

as a func t ion  of -, which is t h e  number of diameters. 
a 

X 
D 

Figure 28 

F 

shows t h e  v a r i a t i o n  of t h e  r a t i o  ‘0s - rls, as a func t ion  
‘Om - 

X of 0.125 and 0.25. T h i s  corresponds t o  our experiments on of 6, f o r  
J 

je ts  i n  f l i g h t .  

Before i n t e r p r e t i n g  t h e  curves, l e t  us r e c a l l  t h a t  t h e  a c o u s t i c  power 
emi t t ed  by a u n i t  l ength  of t h e  j e t  remains cons tan t  i n  t h e  mixing zone 
(xo law).  
downstream from t h e  apex of t h e  outflow cone, t h a t  i s ,  f o r  11 

D 

It then decreases abruptly according t o  t h e  xe7 l a w  (Ref. 4 ) ,  
l a r g e r  than 8. 

X It follows t h a t  f o r  5 > 15, the acous t i c  power emitted by a u n i t  

l e n g t h  becomes n e g l i g i b l e  f o r  p r a c t i c a l  purposes. 

I f  w e  consider Figure 27 again, i t  can be seen  t h a t  f o r  < 15 each of 
D -  

t h e s e  curves can be represented by a l i n e  p a r a l l e l  t o  t h e  absc i s sa  axis 
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and which has t h e  o rd ina te  value (1 + 5 )2 ,  i f  w e  are w i l l i n g  t o  t o l e r -  

ate a maximum e r r o r  of 510%. 
- +0.5 dB i n  dec ibe l s  u n i t s ,  which i s  completely acceptable.  

This approximation causes an e r r o r  of 

Figure 28 shows these  l i n e s  (continuous l i n e s ) .  
ences rOs - rls and rOm - 
l engths  of t h e  v o r t i c e s  Ls and Iy, we may a l s o  w r i t e  

Since t h e  d i f f e r -  /39 
a l s o  corresponds t o  t h e  c h a r a c t e r i s t i c  

By combining equations (29) and ( 3 4 ) ,  one f i n a l l y  ob ta ins  

Thus, t h e  product of a c h a r a c t e r i s t i c  frequency and a c h a r a c t e r i s t i c  
dimension of t he  vor tex  i s  a c h a r a c t e r i s t i c  ve loc i ty .  
t h a t  t h i s  product does not depend on t h e  v e l o c i t y  with which the  j e t  is  
t r anspor t ed  Ve. 

It can thus be seen 

From ( 3 5 ) ,  expression ( 3 3 )  can a l s o  be w r i t t e n  as 

By rep lac ing  fes4Ls4 by Vj4, and by introducing t h e  c o e f f i c i e n t  of 

a c o u s t i c  power K,  w e  f i n a l l y  ob ta in  

It can be seen t h a t  f o r  V, = 0, t h e  expression f o r  t h e  acous t i c  power 
of t h e  j e t  i n  f l i g h t ,  which has  been e s t ab l i shed  by a dimensional a n a l y s i s ,  
is  reduced t o  L i g h t h i l l ' s  equat ion (Ref. 3 ) ,  which is v a l i d  f o r  s t a t i o n a r y  
jets. 

4 . 2 . 3 .  Direc t iona l  D i s t r ibu t ion  of t h e  Acoustic I n t e n s i t y  

For a j e t  t ranspor ted  at t h e  ve loc i ty  V, from t h e  a i r c r a f t ,  
t h e  Mach number of convection must b e  r e f e r r e d  t o  t h e  atmosphere and can 

V 
-2 i s  M 

be  w r i t t e n  as % ( - 'e), where, i n  our  no ta t ion ,  (Mc - , M - ca 
C a  

t h e  Mach number of t h e  a i r c r a f t .  

According t o  t h e  theory of L i g h t h i l l  (Ref. 3 ) ,  t h e  d i r e c t i o n a l  
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i n t e n s i t y  of t h e  no i se  of subsonic j e t s  contains  t h e  f a c t o r  

Ffowes W i l l i a m s  (Ref. 17)  ca lcu la ted  t h a t  conduction e f f e c t s  i n t r o -  
duce an o v e r a l l  f a c t o r  given by 

J, is  t h e  angle  of acous t i c  emission r e fe r r ed  t o  t h e  ax i s  of t h e  j e t  i n  
f l i g h t .  

The acous t i c  i n t e n s i t y  received on t h e  ground by a f ixed  observer 
depends, among o ther  t h ings ,  on t h e  Doppler e f f e c t ,  such t h a t  t he  expres- 
s i o n  given by L i g h t h i l l  becomes 

A comparison of the  terms (20) and (38) shows t h a t  t h e  d i r e c t i o n a l  
c h a r a c t e r i s t i c s  of the  noise  of s t a t i o n a r y  j e t s  is d i f f e r e n t  from those 
of j e t s  i n  motion. 

Thus, t h e  same w i l l  hold f o r  the d i r e c t i v i t y  indi-ces.  

4.2.3.1. Factor of M a x i m u m  Direc t iona l  Acoustic 
I n t e n s i t y  

The d e f i n i t i o n  of t h e  d i r e c t i o n a l  f a c t o r  of maximum 
a c o u s t i c  i n t e n s i t y  becomes e a s i e r  by a n a l y t i c a l l y  studying t h e  s t a t i o n a r y  
j e t .  

I f  w e  inc lude  the  case where t h e  convection Mach number i s  l a r g e r  
than 0.5, w e  w i l l  s t i p u l a t e  f o r  jets i n  motion t h a t  t he  maximum convec- 
t i o n  f a c t o r  is  of t he  form 

and Q are given by equations (19) and (18). 

W e  have thus  assumed, f o r  t h e  meantime, that t h e  emission angle of 
maximum acous t i c  r a d i a t i o n  follows the  l a w  determined f o r  s t a t i o n a r y  jets. 

The ampl i f ica t ion  predic ted  by t h i s  f a c t o r  is ,  i n  any case, reduced 
due t o  the  Doppler e f f e c t ,  expressed as (1 + M coseM)-l. The maximum 
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Figure 29 

Monogram which Shows t h e  Reduction ANv of M a x i m u m  Sonic 
Levels f o r  D i sc re t e  Values of F l igh t  Mach Numbers 

a c o u s t i c  i n t e n s i t y  received on the ground f i n a l l y  conta ins  the  following 
product as a f a c t o r  

4.2.4. Reduction of t h e  Maximum Di rec t iona l  Acoustic I n t e n s i t y  
on t h e  Ground Produced by the  Transport  Velocity of t h e  
Jets - 141 - 

This reduction of t h e  acous t ic  i n t e n s i t y  can be  determined, on 
t h e  one hand, by t h e  r e l a t i o n s h i p  between t h e  f a c t o r s  (20) and (39),  and, 
on t h e  o the r  hand, by t h e  reduct ion  of t h e  acous t i c  i n t e n s i t y  which belongs 
t o  t h e  source i t s e l f .  

A comparison of equations (2) and (37),  which express  t h e  acous t i c  
power of s t a t i o n a r y  j e t s  and jets i n  f l i g h t ,  shows t h a t  t h e  motion of t h e  
j e t  causes a reduct ion  of t h e  acous t ic  power which is propor t iona l  t o  

t h e  f a c t o r  (1 - This w i l l  a lso be  t h e  case f o r  t he  average acous t i c  

i n t e n s i t y ,  t r ansmi t t ed  by a su r face  u n i t  element normal t o  t h e  d i r e c t i o n  
of propagat ion of t h e  acous t i c  waves. 

V 
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Figure 30 

A i r c r a f t  i n  F l igh t .  

S = So = 0.2215 m and 1 = 30 m 

Maximum Sonic Levels Corrected by 
Equation ( 4 0 )  as a Function of Jet Speed 

encountered i n  our experiments. The b i -  V e  L e t  us recall the  r a t i o  - 
'j V 

nomial (1 - - 
t h e  angle  of m a x i m u m  acous t i c  emission. 

can be expressed by (1 + ~2 C O S B ~ ) - ~ ,  which introduces 
vj C a  

From the  above, t he  reduction of t h e  acous t i c  l e v e l s  ANv i s  given by 

Figure  29 shows t h e  g r i d  of these curves, ca l cu la t ed  by means of 
t h i s  equat ion ,  f o r  d i s c r e t e  values of Mbetween 0.1 and 0.7. 

Equation (40) assumes t h a t  t h e  angle OM of maximum acous t i c  radia- 
t i o n  i s  not  a f f e c t e d  by t h e  motion of t h e  j e t  and assumes, i n  an i m p l i c i t  
way, that t h e  index of d i r e c t i v i t y  which e n t e r s  i n  t h e  expression of t h e  
r e f e r e n c e  acous t i c  l e v e l  of t h e  s t a t i o n a r y  j e t  (4.1.2.1.) is t h e  same as 
f o r  t h e  j e t  i n  motion. 
mat ions can be determined experimentally by s e t t i n g  

The cor rec t ion  6Nv requi red  due t o  these  approxi- 
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Nv is t h e  acous t i c  level measured along t h e  pa th  of t h e  a i r c r a f t  
and 

Ns is  given by equat ion ( 2 4 ) .  

L e t  us recall t h a t  equat ion (24)  expresses  the  acous t i c  levels d is -  
t r i b u t e d  along a l i n e  p a r a l l e l  t o  the  axis of t he  jet .  
ments, t he  acous t i c  levels of a i r c r a f t  i n  f l i g h t  were recorded during 
o v e r f l i g h t s  a t  constant  a l t i t u d e s  and a l s o  during take-off.  The angle  
of ascent  d id  not  exceed 10’. 

I n  our experi-  

I n  
gib le. 
a0 = oo 

t h e  lat ter case, t h e  cor rec t ion  t o  be  appl ied  t o  ( 2 4 )  i s  negl i -  
For an angle  a which t h e  j e t  makes wi th  t h e  h o r i z o n t a l  axis of 
t o  a1 = l o o ,  t h e  maximum acous t ic  levels measured - during t h e  /42 

ascent  of t h e  a i r c r a f t  var ied  according t o  10 log  cOs”a~.  

t o  ba re ly  0 .1  dB. 

This amounts 
2 cos a1 

The acous t i c  levels Nv of a i r c r a f t  i n  f l i g h t ,  determined by t h e  con- 

Under these  condi t ions,  
d i t i o n s  spec i f i ed  in. 3 . 2 . 1 . ,  w e r e  corrected by means of equat ion ( 4 0 )  and 
are shown i n  Figure 30 as a funct ion of V 
i t  can be seen t h a t  t h e  curve showing t h e  average v a r i a t i o n  of t h e  acous t i c  
levels of var ious  types of aircraft fol lows t h e  l a w  determined f o r  station- 
a r y  je ts  ( 2 4 )  t o  a s a t i s f a c t o r y  approximation, under t h e  condi t ion t h a t  
t h i s  curve is t r a n s l a t e d  by + 3 dB. 

alone. j 

The experimental  va lue  of 6Nv having been determined and introduced 
i n  (41),  w e  f i n d  t h a t  

ANv is given by ( 4 0 ) .  

4.2.5. Maximum To ta l  Acoustic Pressure  

The equat ion of t h e  maximum t o t a l  acous t i c  pressure  levels re- 
ceived on the  ground and produced by subsonic a i r c r a f t  i n  f l i g h t  can b e  
determined by w r i t i n g  equat ion ( 4 2 )  e x p l i c i t l y .  

T h i s  equat ion i s  

rl and OM are given by (18) and (19) .  
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Figure 31 

Monogram Showing M a x i m u m  Total  Sonic Levels f o r  Jet  
A i r c r a f t  on t h e  Ground and i n  F l igh t  f o r  t h e  Lateral 

Distance o r  Geometric A l t i t ude  of 30 m. 

Corrections:  
S For S # S o ,  add 10 l o g  -0  

For n t u r b o j e t s  on t h e  ground, add 5 log  n. 
For n t u r b o j e t s  i n  f l i g h t ,  add 10 log n. 

SO 

(1) Ground; (2) F l i g h t  

For R = 30 m, where R is t h e  d is tance  t o  t h e  a i r c r a f t ,  t he  cons tan t  
C4 is  equal  t o  C3 + 3 dB, i .e. ,  136 dB. 

It can be seen t h a t  f o r  M = 0 ,  equation (43) i s  reduced t o  (24) 
wi th  a d i f f e rence  of about 3 dB. 

The numerical s o l u t i o n s  of equation (43) are shown by t h e  curve, i n  
These curves were ca lcu la ted  f o r  va lues  of M, f o r  0.5 and Figure  31. 

1 . 2 .  M w a s  va r i ed  from 0 t o  0.8, i n  s t e p s  of 0.1. 
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5. Conclusions 

The a n a l y t i c a l  s tudy of j e t  noise  of 
son ic  a i r c r a f t  i n  f l i g h t  shows t h a t  it i s  
m a x i m u m  acous t i c  pressure  received on t h e  
beforehand and i n  a s a t i s f a c t o r y  way. 

s t a t i o n a r y  a i r c r a f t  and sub- 
poss ib l e  t o  determine t h e  
ground. This can b e  done 

The method of ca l cu la t ion  i s  based on t h e  l a w  of L i g h t h i l l  f o r  t h e  /43 
v a r i a t i o n  of t h e  acous t i c  power wi th  SV 
added: 
f a c t o r  ( s t a t iona ry  j e t  and je t  i n  motion), t h e  no i se  reduct ion  f a c t o r  
given by an aerodynamic e f f e c t ,  and the a t t enua t ion  f a c t o r  given by t h e  
Doppler e f f e e t .  

The following e f f e c t s  must be 
The ampl i f ica t ion  of t h e  acous t ic  i n t e n s i t y  due t o  t h e  convection 

j .  

The r e s u l t  of t hese  ca lcu la t ions  has  been v e r i f i e d  f o r  t u r b o j e t s  
without  a f t e rbu rne r s  and without j e t  silencers. 
t i o n  Mach numbers up t o  1.2 and f l i g h t  Mach numbers up t o  0.7. 

It is v a l i d  f o r  convec- 

The acous t i c  pressure  l e v e l s  by frequency bands are determined by 
a genera l ized  spectrum of t h e  m a x i m u m  acous t i c  pressure .  
p l o t t e d  as a func t ion  of coordinates  so t h a t  they are the  Same f o r  
s t a t i o n a r y  jets and je ts  i n  motion. 

These are 

An important r e s u l t  is t h e  i s o l a t i o n  of an aerodynamic e f f e c t  on 

t h e  turbulence of t h e  j e t ,  which i s  a func t ion  of ( 1  + 2 ) 2  which causes 

a s h i f t  of t he  emit ted frequencies  and a d iv i s ion  of t h e  acous t i c  i n t e n s i t y  
by t h e  f a c t o r  (1 + M coseM)4. 

V 

'j 
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APPENDIX 

CALCULATION OF THE MAXIMUM ACOUSTIC PRESSURE 

Input Quan t i t i e s  

n -  

s -  

Mc - 
M -  

Number of t u r b o j e t s ,  which a l l  have t h e  same motor parameters. 

Output su r face  of a pipe 
V 

Convection Mach number = & 

Rolling Mach number and f l i g h t  Mach number, M = - . 
. 

'a 
va 
Ca 

Desired Q u a n t i t i e s  

The number of P.N.dB on the  ground, a t  a d i s t ance  L of t h e  a i r c r a f t  
f o r  t h r e e  conf igura t ions  of t h e  a i r c r a f t :  

- I n s t a n t  when t h e  brakes are  re leased .  

- During r o l l i n g .  

- During ascent. 

The s t ages  i n  t h e  ca l cu la t ion  are  t h e  same i n  a l l  t h e  cases: 

(1) - Calcula t ion  of t h e  t o t a l  l i n e a r  acous t i c  p re s su re  l e v e l  NT, 
corresponding t o  t h e  i n t e r v a l  20-10,000 cyc les  f o r  a r e fe rence  
d i s t ance  of R = 30 m. 

(2) - Calcula t ion  of t he  d i s t r i b u t i o n  of t h e  acous t i c  levels by 

(3 )  - Calcula t ion  of t h e  acous t ic  l e v e l s  by frequency octaves f o r  

(4) - Conversion t o  P.N.dB. 

frequency octaves,  f o r  the s a m e  re ference  d is tance .  

t he  d i s t a n c e  L >> 30 m. 

1. TOTAL ACOUSTIC LEVEL FOR R = 30 m 

I n s t a n t  of Releasing the Brake 

The acous t i c  l e v e l  NT i s  given by t h e  equation 

where rl = 6 - 3 . 4  Mc 

and 8 = 29 Mc + 16. 
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This ca lcu la t ion  was considerably s impl i f i ed  by use of t h e  char t  
shown i n  Figure 31. 
j e t  ve loc i ty  V is read o f f .  

For M = 0 ,  the value of Ns corresponding t o  t h e  
NT i s  then given by j 

Ro l l ing  

The acous t i c  l e v e l  NT is determined by 

Using t h e  cha r t  (Figure 31), t he  value of Ns corresponding t o  V j  
is read o f f ,  f o r  M given. NT i s  then found from equat ion (1).  

A s  cent  

The acous t i c  l e v e l  NT is ca lcu la ted  from 

Using t h e  c h a r t ,  t he  value of N, corresponding t o  V i s  determined, 
j f o r  M given. NT is  then obtained from 

2.  ACOUSTIC LEVELS BY FREQUENCY OCTAVES - 148 

2.1. Distance Equal t o  30 m 

For the  th ree  a i r c r a f t  configurat ions,  t he  acous t i c  l e v e l  f o r  the 
octave i, N T i ,  i s  ca lcu la ted  using the  mean curve of t he  general ized 
spectrum of jets i n  f l i g h t ,  which i s  ca l l ed  the  fundamental curve 
(Figure 32, average curve of Figure 25). 

The coordinates  t h a t  must be used are 

b 
as t h e  absc i s sa  
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, I l l  I 

(1) Strouhal  Number. 

The des i red  value of N T i  i s  determined by 

A f c  i s  t h e  frequency i n t e g r a l  of the octave 1. 

Ki i s  p o s i t i v e  o r  negat ive,  and is the  number of dec ibe l s  read 
along t h e  o rd ina te  of t h e  curve f o r  t h e  absc i s sa  

D 
f C Vc + V e  

f, is the  c e n t r a l  frequency corresponding t o  t h e  octave 1. 

L e t  us no te  t h a t  f o r  t h e  a i r c r a f t  a t  rest, Ve = 0 and o i  is  
D determined f o r  t h e  absc i s sa  

2 . 2 .  Distances Larger than 30 m 

For  a d i s t ance  L l a r g e r  than 30 m,  t h e  acous t i c  level of t h e  octave i, 
N T i ,  i s  determined by the  equat ion 

L 
N = N  -2OL - * 2 0 m  ( L - O % L  =. I. Y r  
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R = 30 m and a is  an a t tenuat ion  coe f f i c i en t  which is  dependent on 
the  atmosphere c h a r a c t e r i s t i c s  and the frequency. 

- 149 

The char t  shown i n  Figure 13 makes i t  unnecessary t o  car ry  out  cal- 
cu la t ions  of the  geometric and molecular a t tenuat ions .  This g r i d  of 
curves w a s  ca lcu la ted  (Ref. 8) f o r  the atmosphere a t  rest ,  which has the  
following c h a r a c t e r i s t i c s :  
scopic  s t a t e  of 50%. L e t  us note  t h a t  t h e  I.S.O. has  recommended t h a t  
t h e  value 70% be adapted f o r  t he  hygroscopic state. 

standard pressure ,  temperature 15' and hygro- 

3. CALCULATION OF THE NORMALIZED PERCEPTIBLE 
AUDIBLE LEVELS (Pndb) 

The transformation i n t o  P.N.dB. of the  acous t ic  l e v e l s  given i n  
terms of frequency band and determined from the general ized spectrum of 
m a x i m u m  acous t ic  pressure l e v e l s ,  i s  ca r r i ed  out by the  method of Stevens, 
which was modified by Kryter (Ref. 18). 

The normalized audible  perception l e v e l  is given by 

ST is  the  sonor i ty  i n  "noys" of t h e  t o t a l  no ise  

SM i s  the  number of "noys" of the most sonorous octave 

CS i s  t h e  t o t a l  number of "noysl' of a l l  t h e  frequency bands of t h e  
i n t e r v a l  20-10,000 cycles.  

F is  a f a c t o r  which equals 0.3 i n  the  case where t h e  ana lys i s  is  
ca r r i ed  out  by frequency octaves. 

The number CS is  given by the sum of %oys'' determined f o r  each 
frequency octave according t o  an experimental t a b l e  (Ref. 18) .  

Recently, Kryter and Pearsons (Ref. 19) published a new conver- 
s i o n  t a b l e  which r e s u l t s  i n  values  of ' pndb which are s l i g h t l y  d i f f e r e n t .  

S c i e n t i f i c  Translat ion Service 
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